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FOREWORD 
This research program was conducted by the Research Department 
of Rocketdyne, a Division of North American Aviation, Inc., 
under NASA Contract NAS3-4185, sponsored by the Office of 
Advanced Research and Technology and managed by the Advanced 
Rocket Technology Branch of Lewis Research Center. This re- 
port covers research accomplished during the period 15 June 
1964 through 15 October 1965. 
The results and interpretations of an investigation of catalytic 
ignition of the oxygen/hydrogen system are presented. The ex- 
perimental phase of the program is divided into three fundamental 
tasks: (1) Catalyst Selection and Evaluation, (2) Catalyst Life 
Studies, and (3) Parametric Engine Evaluation. During the first 
task, selected noble metal and metal oxide catalysts having 
potential for promoting the liquid phase oxgen/hydrogen reaction 
were evaluated. On the basis of these evaluations, four noble 
metal catalysts were compared in liquid phase reactants at an 
environmental temperature of approximately -400 F. The best of 
these four was used during a catalytic reactor configuration 
optimization study, and later during a catalyst life study to 
evaluate the reignition characteristics of the catalyst. During 
the final task, the catalytic igniter was used as an ignition 
source in a large engine (- 14,000-pbund thrust) to evaluate 
the effects of variations in engine and igniter parameters on 
liquid oxygen/liquid hydrogen engine ignition and ignition 
delay characteristics. 
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INTRODUCTION 
Considerable  e f f o r t  has  been expended dur ing  r e c e n t  yea r s  t o  develop a  
propuls ion  system f o r  u t i  l i x i n g  t h e  oxygen/hydrogen p r o p e l l a n t  combina- 
t i o n  i n  upper s t a g e  rocket  engines.  One of t h e  problems r e s u l t i n g  from 
t h e  requirements of an  upper s t a g e  i s  a s soc i a t ed  w i t h  mul t ip l e  r e s t a r t  
c a p a b i l i t y .  Because t h e  oxygen/hydrogen combination i s  i n h e r e n t l y  non- 
lzypergolic, some form of i g n i t i o n  system i s  requi red .  The requirements 
f o r  l a r g e  numbers of  s t a r t s  e l imina te s  cons ide ra t ion  of l iypergolic s lugs  
(e .  g. , TEA-TEB) . A second p o s s i b i l i t y ,  t h a t  of t h e  use  of a d d i t i v e s  i n  
e i t h e r  or  bo th  p r o p e l l a n t s  t o  induce hype rgo l i c i t y  i s  n o t  now t h e  s t a t e -  
of -the-art  . Sparlr i g n i t e r s ,  a l though used f o r  sucli a p p l i c a t i o n s ,  a re  
complicated and r e q u i r e  ex tens ive  development f o r  high r e l i a b i l i t y  a t  
h igh  a l t i t u d e  cond i t i ons ,  As a  r e s u l t  of t hese  problem a r e a s ,  s t r o n g  
cons ide ra t ion  i s  be ing  given t o  t h e  use of t h e  c a t a l y t i c  i g n i t e r  a s  an 
i g n i t i o n  device f o r  use i n  oxygen/hydrogen engines.  
The f e a s i b i l i t y  of u s ing  c a t a l y s t s  t o  promote t h e  oxygen/hydrogen 
r e a c t i o n  i n  i g n i t e r  con f igu ra t ions  has been demonstrated dur ing  s e v e r a l  
research programs ( ~ e f  . 1 t o  6) . F e a s i b i l i t y  wi th  both  gaseous and 
l i q u i d  propel lan ts  a t  environmental temperatures  a s  low a s  those  of 
l i q u i d  hydrogen has been demonstrated; however, c e r t a i n  a r e a s  of in-  
v e s t i g a t i o n  remained t o  be s tud ied  before  f i n a l  development of a  
c a t a l y t i c  i g n i t i o n  system f o r  an upper-s tage  engine could be i n i t i a t e d .  
For  example, only a  cursory  eva lua t ion  of t h e  d u r a b i l i t y  c h a r a c t e r i s  t i c s  
of t he  ca ta  l y s t s  i n  oxygen/hydrogen s e r v i c e  had been undertaken.  Simi- 
l a r l y ,  very  l i t t l e  cons ide ra t ion  had been given t o  t h e  eva lua t ion  of 
s p e c i f i c  parameter v a r i a t i o n s  i n  l a rge  engine a p p l i c a t i o n s ,  such a s  
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i g n i t i o n  delay time, s tart-up c h a r a c t e r i s t i c s ,  or minimum i g n i t i o n  
enthalpy requirements. I n  add i t ion ,  t h e  range of p o t e n t i a l  c a t a l y s t s  
f o r  promoting t h e  reac t ion  of oxygen wi th  hydrogen had been surveyed 
only p a r t i a l l y ,  and t h e  need exis ted  t o  explore more f u l l y  t h e  range 
of ava i l ab le  c a t a l y s t s .  
Accordingly, a 12-month research program was conducted t o  obtain a 
large  por t ion  of the  information l i s t e d  above. The program was divided 
i n t o  th ree  t a sks :  
Task I ,  Cata lys t  Selec t ion and Evaluation 
Task 11, Cata lys t  L i fe  Studies  
Task 111, Parametric Rocket Engine I g n i t i o n  Study 
The f i r s t  t a s k  included a continuation of the search f o r  superior  re-  
duction-type c a t a l y s t s  i n i t i a t e d  under contrac t  NAS3-2565, and an 
evaluat ion of promising oxidation-type c a t a l y s t s .  The second t ask  
was an  experimental program t o  evaluate c a t a l y s t  l i f e  c h a r a c t e r i s t i c s ,  
i n  terms of i g n i t i o n  cycles wi th  se lec ted  c a t a l y s t s .  The design of 
t h e  reac to r  hardware f o r  t h i s  t a s k  was based on t h e o r e t i c a l  ana lys i s  
t h a t  i s  a l so  presented i n  t h i s  r epor t .  The t h i r d  t a s k  was conducted 
using a nominally 20,000-pound t h r u s t  rocket  engine as the  t e s t  vehic le .  
A small c a t a l y t i c  r eac to r  was used a s  an i g n i t i o n  source f o r  the  oxygen/ 
hydrogen engine and i g n i t i o n  delay,  i g n i t i o n  energy requirements, and 
s tar t -up c h a r a c t e r i s t i c s  were evaluated over a range of engine operat ing 
condit ions.  
The research programwas i n i t i a l l y  planned t o  use i n l e t  hydrogen tem- 
pera tures  down t o  -400 F; however, during the  course of Task 11, 
R O C W E T D Y N E  A  D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C  
difficulty was experienced in obtaining stable ignitions over the range 
of operating conditions of interest, and the programwas modified to 
include only gaseous propellants in the catalytic ignition phase of 
the third task. Furthermore, because of the problems of obtaining 
stable ignitions with liquid reactants during Task 11, Task I11 was 
reduced in scope to allow for more concerted effort in exploring the 
specific problems inherent to the catalytic ignition of liquid phase 
oxygen/hydrogen reactants at environmental temperatures near -400 F. 
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SUMMARY AND RE2vkUXS 
The objectives of this program were primarily the following. 
1. The evaluation of commercially available metal oxide and pre- 
viously unavailable noble metal catalysts for promoting the 
oxygen/hydrogen reaction 
2. Evaluation of the durability characteristics of the "best" 
noble metal catalyst in application with liquid phase 
oxygen/hydrogen reactants 
3. The generation of specific design criteria for catalytic 
liquid oxygen/liquid hydrogen reactors 
4. The evaluation of specific parameter variations, such as 
ignition delay time, start-up characteristics, and minimum 
ignition enthalpy requirements, for large engine systems 
utilizing catalytic reactors as ignition energy sources. 
The results of this investigation have revealed a number of facts con- 
cerning catalysts and catalytic ignition of oxygen/hydrogen engines. 
For the sake of clarity and continuity of thought, a summary of the 
results and remarks concerning these results of both experimental and 
analytical efforts is presented chronologically, consistent with the 
sequence in which the efforts progressed. 
CATALYST SELECTION 
A large number of commercially available catalysts have been investigated 
during previous efforts (~ef. 1 to 6 ) and in this program for possible 
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application in a fuel-rich environment. In addition, the possibility 
of the use of oxidizer-type catalysts for use in oxidizer-rich service 
was evaluated. Of the catalysts evaluated in fuel-rich reactants, the 
Engelhard MFSA and 4X-MFSA formulations are the most attractive. Cer- 
tain of the other catalysts have higher ambient temperature activities, 
but none matches the excellent relative activity retention characteristics 
of the MFSA and 4X-MFSA in low-temperature (-320 F and lower) appli- 
cation. In oxidizer-rich reactants only the MFSA catalyst was deter- 
mined to have high activity at -320 F. This catalyst showed an unusually 
low sensitivity to changes in environmental temperature in both fuel-rich 
and oxidizer-rich applications. The Engelhard MFP catalyst had an 
activity level at ambient temperature sufficient to promote the oxygen/ 
hydrogen reaction, both fuel-rich and oxidizer-rich, but was inadequate 
at low temperatures (-250 F and lower). This latter catalyst appeared 
initially to be quite promising because of the high ambient temperature 
activity and the manner of catalyst formulation. The MFP catalyst con- 
sists of iron-oxide impregnated on silicon carbide, both very-high- 
temperature-resistant metals. 
On the basis of the results, it is apparent that the Engelhard MFSA 
catalyst represents the best commercially available formulation for 
dual-purpose (fuel-rich or oxidizer-rich) applications, and further 
that the MFSA and 4X-MFSA catalysts offer the greatest potential for 
reaction promotion in low environmental temperature application. While 
none of the metal oxide catalysts was satisfactory at low environmental 
temperature, the Girdler Chemical Company' s T-3 catalyst is worthy of 
comment because of its excellent activity retention characteristics at 
low temperatures. Should the activity of this catalyst be raised to a 
higher level (doubled or tripled) , the formulation would have excellent 
application in oxidizer-rich reactants. 
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In addition to the purely experimental evaluations, an analytical 
evaluation of the results of the relative activity measurements has 
resulted in a relationship for expressing relative activity as a function 
of temperature for the various catalysts. This relationship is useful 
in predicting reaction rates at various positions within a catalyst bed 
once the initial reaction has been initiated. Analytical investigations 
are continuing for determing the precise meaning of certain of the 
analytical results. 
CATALYST EVAUTAT ION 
The results of an experimental evaluation of the Engelhard MFP and 
Catalysts and Chemicals, Inc. C13-2 in comparison with the Engelhard 
MFSA catalyst in reactor hardware with both fuel-rich and oxidizer-rich 
reactants have shown the C13-2 catalyst to be incapable of promoting 
the fuel-rich oxygen/hydrogen reaction. The MFP catalyst adequately 
promotes the fuel-rich reaction, but only at environmental temperatures 
higher than -190 F. The MFSA catalyst, in contrast, promotes the 
f uel-rich oxYgen/l~ydrogen reaction at environmental temperatures as 
low as -400 I?. In oxidizer-rich reactants, the C13-2 and MFP catalysts 
promote the oxygen/hydrogen reaction at ambient temperature, but 
require a catalyst mass/reactant f losirrate nearly twice that required 
for the MFSA catalyst. These studies were curtailed because of the 
lack of suitable candidates for selection on the basis of laboratory 
relative activity measurements, and because of the inability of the 
briefly evaluated catalysts to promote satisfactorily the oxygen/ 
hydrogen reaction. 
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CATALYST DEACTIVATION 
In evaluating catalyst life characteristics in liquid phase reactants 
at cryogenic environmental temperatures, it became apparent that the 
Engelhard MFSA catalyst is subject to deactivation during storage. This 
catalyst lost nearly 90 percent of the original activity over 6-month 
storage period. An evaluation of the specific effects of typical and 
accelerated storage conditions indicated that exposure to (1) normal 
atmospheric conditions, (2) 100-percent relative humidity conditions at 
ambient temperature, (3) heated (150 F) oxygen-enriched environment, 
and (4) complete water immersion for short term durations had no severe 
permanent detrimental effects on catalyst activity. The only appreciable 
permanent effect was a moderate reduction in catalyst activity probably 
caused by moisture effects during exposure to the 100-percent relative 
humidity condition at ambient temperature and pressure. In general, 
these results are only indicative of what may be expected in long-term 
storage, since the tests were conducted only over a 1-month period, 
largely under accelerated storage conditions. 
CATALYST REACTIVATION 
In view of the deactivation experienced by the Engelhard MFSA catalyst, 
and because of the long delivery time required for receipt of new 
catalyst quantities, a brief effort was made to evaluate the relative 
reactivation characteristics of various catalyst treatments. In general, 
it was determined that the catalyst deactivation was not permanent, or 
irreversible, and that catalyst reactivation could be accomplished, and 
in fact catalyst activity was enhanced, by exposure of the catalyst to 
a hot, dry hydrogen or nitrogen environment. This refuted an original 
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t h e s i s  t h a t  the  c a t a l y s t  deact ivat ion was caused by i r r e v e r s i b l e  water  
promoted noble metal c r y s t a l  growth. The apparent deact ivat ion mecha- 
nism was then concluded t o  be a p r e f e r e n t i a l  surface adsorption of some 
unknown agent which resul ted  i n  occlusion of the  ac t ive  c a t a l y s t  s i t e s  
r a t h e r  than one involving modificat ion of these  ac t ive  s i t e s .  Cata lys t  
r eac t iva t ion  i n  the  presence of h o t ,  dry hydrogen or ni trogen i s  there-  
f o r e  considered t o  r e s u l t  from p r e f e r e n t i a l  desorption of the  occluding 
agent and adsorption of the  hydrogen or  n i t rogen,  thereby rendering the  
c a t a l y t i c  surface avai lable  f o r  continued react ion promotion. 
REACTOR CONFIGURATION OPTIMIZATION FOR 
LIQUID OXYGEN/LIQUID HYDROGEN IGNITIONS 
An extensive experimental and a n a l y t i c a l  evaluation of optimum r e a c t o r  
configurat ion was conducted wi th  the  p a r t i a l l y  deactivated Eqgelhard 
MFSA c a t a l y s t  i n  l i q u i d  phase reac tan t s .  I n  general ,  it was determined 
t h a t  f o r  a  1.5-inch-diameter r eac to r  operat ing a t  nominally 50 pounds 
of t h r u s t  and a chamber pressure of 100 p s i  i n  a -400 F environment, 
t h e  minimum c a t a l y s t  bed length is approximately 3 inches,  and tlie optimum 
reac tan t  mixing zone length i s  0.75 inch. Reactant channell ing along the  
reac to r  wa l l s  was an apparent problem which was resolved by i n s t a l l i n g  
ant ichannel l ing  r ings  extending 1/8 inch (one c a t a l y s t  p e l l e t  diameter) 
i n t o  t h e  reac to r  and spaced a t  1-inch in te rva l s .  The ant ichannel l ing  
r i n g s  served t o  r e d i r e c t  r eac tan t s  from t h e  wal l  in to  the  c a t a l y s t  bed, 
and thereby improve r eac t an t / ca ta lys t  contact  ef f ic iency and, hence , 
reac t ion  ef f ic iency.  These r e s u l t s  a r e  considered t o  be q u i t e  important,  
because they point  out t h a t  t h e  l i q u i d  hydrogen/liquid oxygen reac t ion  
can be promoted wi th  a low r e l a t i v e  a c t i v i t y  c a t a l y s t  (10 t o  20 percent)  
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provided the reactor is mechanically and kinetically matched to the 
liquid hydrogen/liquid oxygen f lowrates and in j ectioi. Mechanical con- 
siderations show the need for moderately good propellant mixing and 
prevention of channelling. The kinetics are concerned with mass and heat 
transfer to the liquid oxygen drops, because in equiIibriwn, at the 
mixture ratio of interest the liquid hydrogen will freeze up to seven 
times its weight, thus negating any chance of ignition. By taking 
\ t 
advantage of the oxygen droplets heat capacity, it is possible to warm 
a liquid hydrogen-chilled bed to the point where ignition can occur. 
The drops must, however, be reasonably distributed and mixed with the 
hydrogen to prevent undesirable high local temperatures. 
CATALYST LIFE CITARACTERISTICS 
The catalyst life characteristics were never fully defined because of 
a number of difficulties encountered in conducting the experimental 
life study runs. Fuel boiling instability in the bed resulted in loss 
of both local and gross mixture ratio control with resultant catalyst 
bed burning. A total of 11 successful runs was conducted with a single 
catalyst bed and in cryogenic reactants at an environmental temperature 
near -400 I?. Following the eleventh run, however, a loss of mixture 
ratio control resulted in an explosion which destroyed the catalyst bed. 
Catalyst performance during the eleventh run appeared to be equal to 
that during the first run, however, and it is presumed that no catalyst 
damage had been sustained as a result of the previous runs. During 
earlier series of runs, catalyst damage was experienced, but this was 
obviously, from an inspection of the catalyst bed, caused by loss of 
local mixture ratio control with resultant strealcy burning in the 
catalyst bed. On the basis of the successful runs, it is tentatively 
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concluded that during the course of controlled runs, no appreciable 
catalyst damage is sustained at reaction temperatures of nominally 
1500 to 1600 F. Previously obtained data for gaseous operation in 
both steady-state and pulsed-mode operation certainly indicate that 
the alumina-based noble metal catalysts can be operated re1,iably over a 
wide number of cycles from a life standpoint. 
PARAMETRIC ENGINE EVALUATION 
This phase of the programwas conducted in jointly provided NASA and 
Rocketdyne hardware rated at approximately 20,000-pound thrust incor- 
porating a nominally 50-pound thrust catalytic igniter as shown 
schematically in Fig. 1. The experimental runs, conducted with liquid 
propellants in the engine and gaseous propellants in the igniter, were 
generally divided into two categories of effort, the first concerned 
with an evaluation of the effects of engine parameter variations on 
ignition delay with a constant ignition source, and the second with an 
evaluation of the effects of variations in igniter energy level on 
ignition delay time. Both of these experimental activities were further 
divided into subtasks typical of large-engine operation and of gas 
generator operation. The results of the experimental program demon- 
strate the feasibility of both large-engine and gas generator ignition 
using catalytic igniters. It is further demonstrated that, within the 
scope of this study, engine/igniter energy ratios at least as high as 
1000, and perhaps higher, can be safely used in large-engine and gas 
generator systems. &en under the most severe conditions (i.e., high 
engine propellant mass flowrate and low mixture ratio, and low igniter 
propellant flowrate) ignition occurred. It had been anticipated that 
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ignition might be erratic at these conditions because of the fact that 
at liquid propellant temperatures the low engine propellant mixture 
ratio is representative of only a marginally flammable oxidizer/fuel 
blend. This, however, was not the case, and ignition occurred without 
incident. 
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EXPERIMENTAL CATALYSTS, PROPELLANTS, AND APPARATUS 
This program was conducted with both noble metal and metal oxide c a t a l y s t s ,  
se lec ted  on t h e  bases of p a s t  experience ( ~ e f .  1 t o  3 ) ,  t h e o r e t i c a l  con- 
s i d e r a t i o n s ,  and vendor recommendations; and subjected t o  comparative 
evaluations f i r s t  i n  laboratory apparatus and l a t e r  i n  engine hardware. 
The c a t a l y s t s  and hardware used during t h e  evaluations a r e  a s  described 
i n  the  following sec t ion  of t h i s  r epor t .  
CATALYSTS 
The c a t a l y s t s  used during t h i s  program were of a v a r i e t y  of types ,  ranging 
from noble metal t o  metal oxides, and were impregnated on subs t ra tes  
ranging from alumina t o  s i l i c o n  carbide. The manner of prepara t ion of 
t h e  c a t a l y s t s  a r e  considered propr ie tary  by t h e  vendors, and a r e  not 
discussed herein.  A l i s t  of t h e  c a t a l y s t s  evaluated i s  presented i n  
Table 1 . I n  addi t ion ,  the  elemental spectrographic analyses and t h e  
surface  c h a r a c t e r i s t i c s  of t h e  var ious  c a t a l y s t s  a r e  given i n  Table 2 
and 3. 
Noble Metal Cata lys ts  
Engelhard I n d u s t r i e s ,  Inc. DS Ca ta lys t .  The DS c a t a l y s t  cons i s t s  of a 
high-surf ace-area alumina p e l l e t ,  nominally 1/8-inch i n  diameter, 
impregnated wi th  palladium equal t o  about 0.3 weight percent.  
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Engelhard Industries, Inc. DSS Catalyst. The catalyst was recommended 
by the vendor as a possible substitute for the DS formulation because 
the DSS pellet has better resistance to thermal shock without an ap- 
preciable decrease in catalytic activity. Lilre the DS, the DSS catalyst 
consists of a palladium-impregnated alumina pellet, and is nominally a 
1/8-inch-diameter sphere. 
Engelhard Industries, Inc. MFSS Catalyst. The MFSS catalyst, while 
similar in physical appearance to the previous samples,has a somewhat 
different formulation. The MFSS was found by chemical analysis to be 
a platinum-rhodium-on-alumina material rather than a palladium-on- 
alumina-type catalyst. Of interest here is that, according to the vendor, 
the purpose of the platinum is to enable impregnation of the alumina 
substrate with rhodium, because the rhodium otherwise tends to slough 
off rather than adhere to the alumina. Prior impregnation of substrate 
with platinum serves to provide a base on which the rhodium will adhere. 
Engelhard Industries, Inc. ME'SA Catalyst. The MFSA catalyst is a later 
version of the MFSS configuration, and is very similar in physical 
appearance to the previously described Engelhard catalysts. The pri- 
mary differences are associated with surface characteristics and chemical 
composition as shown in Tables 2 and 3 .  The difference in surface 
area results from the fact that the MFSA catalyst metals is impregnated 
on an improved substrate, and is mmufacturdd by a slightly different 
procedure. The principal difference in composition between the MFSA 
and the ME'SS catalyst is the presence of lead in the catalyst. This 
material was presumably added to improve the uniformity of noble metal 
impregnation. 
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Enpelhard Indus t r i e s ,  Inc. 4X-MFSA Cata lys t .  This c a t a l y s t  i s  reported 
by t h e  vendor t o  be i d e n t i c a l  t o  t h e  MFU c a t a l y s t ,  wi th  one exception. 
The 4X-MFSA contains nominally four  times the  noble metal content of 
t h e  MFSA material .  
Davison Chemical Company SMR 55-1097-1 Cata lys t .  The Davison c a t a l y s t  
consisted of an irregularly-shaped crushed s i l i c a  ge l  subst ra te  i m -  
pregnated with nominally 6-weight percent platinum. 
Houdry Process Corporation A-100s Cata lys t .  This mater ia l  i s  a platinum- 
on-alumina formulation and phyaical ly appears a s  a 1/8-inch diameter 
by random length (--3/8-inch maximum) extruded cylinder.  This sample 
i s  of r e l a t i v e l y  low surface a rea  a s  seen i n  Table 3 , and i s  t y p i c a l  
of c a t a l y s t s  used i n  moderate hydrogenation service  i n  the  petroleum 
industry. 
Houdry Process Corporation B-100s Cata lys t .  This c a t a l y s t  i s  i d e n t i c a l  
t o  the  A-100s mater ia l  i n  all respects  including manner of preparat ion,  
wi th  the  exception t h a t  t h e  B-100s c a t a l y s t  cons i s t s  of palladium 
on alumina ins tead of platinum on alumina, a s  i s  t h e  case wi th  t h e  
A-100s ca ta lys t .  
Houdry Process Corporation A-200SR Cata lys t .  The A-2OOSR formulation 
i s  s imi lar  t o  t h e  A-100s c a t a l y s t  i n  a l l  respects  except two. This 
c a t a l y s t  has a moderate surface a rea  (nominally 200 square meters per 
gram) and i s  prepared t o  be r e s i s t a n t  t o  c a t a l y s t  poisoning by su l fu r .  
The physical  dimensions a r e  3/16-inch diameter by random length,  not 
exceeding 3/8-inc h. 
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S h e l l  Development Company 405 Cata lys t .  The S h e l l  405 c a t a l y s t  con- 
sists of a high noble-metal content on alumina subs t ra te  mater ia l ,  
and was s p e c i f i c a l l y  developed under contrac t  wi th  the  NASA Office 
of Advanced Research and Teclmology a s  a hydrazine decomposition cata-  
l y s t .  This c a t a l y s t  i s  provided a s  a 1/8- by 1/8-inch c i r c u l a r  cylinder.  
Sundstrand Aviation Cata lys t .  This c a t a l y s t  was o r ig ina l ly  developed 
by Sundstrand during the  course of t h e i r  e f f o r t s  i n  behalf of the  
Dynasoar program, and consis ts  of a high (>2 percent)  weight percent 
palladium-on-alumina formulation. The subst ra te  i s  reported t o  be an 
extremely hard mater ia l ,  with excel lent  res is tance  t o  thermal shock and 
a t t r i t i o n  caused by crushing, and i s  provided i n  the  form of a nominally 
5/16-inch-diamet e r  sphere. 
Metal Oxide Cata lys ts  
Ca ta lys t s  and Chemicals, Inc. C12-3 Cata lys t .  The C12-3 i s  an i ron  
oxide- and chromium oxide-on-alumina formulation provided i n  the  form 
of 1/4- by 1/4-inch cylinders , 
Cata lys t s  and Chemicalq, Inc.  C13-1 Cata lys t .  This c a t a l y s t  i s  a 
n ickel  oxide-on-alumina mater ia l  prepared i n  the  form of 1/4- by 
1/4-inch cyl inders .  
Ca ta lys t s  and Chemicals, Inc. C20-6 Cata lys t .  The C20-6 c a t a l y s t  i s  an 
extruded 1/8-inch-diameter by nominally 3/16-inch-long cy l indr ica l  
mater ia l  consis t ing  of approximately 3-weight percent cobal t  oxide 
and 10-weight percent  molybdenum t r i o x i d e  on an alumina subs t ra te .  
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This  composition i s  typ ica l  of c a t a l y s t s  used f o r  desul fur iz ing and 
denitrogenating hydrocarbons p r i o r  t o  use i n  reforming processes f o r  
manufacture of high-octane gasoline and aromatic hydrocarbons. 
Davison Chemical Company Oxidizer 903 Cata lys t .  This c a t a l y s t  i s  
a propr ie tary  composition provided i n  t h e  form of 1/8-inch cyl inders  
nominally 1/8-inch long. 
Davidson Chemical Company SMR 55-8182 Ca ta lys t .  This mater ia l  i s  a 
p ropr ie ta ry  formulation s imi la r  i n  appearance t o  t h e  Oxidizer 903 
c a t a l y s t .  
Engelhard I n d u s t r i e s ,  Inc. MFP Cata lys t .  The MFP c a t a l y s t  i s  unique 
.among c a t a l y s t s  because of t h e  subs t ra te .  This c a t a l y s t  has i r o n  
oxide a s  t h e  a c t i v e  const i tuent  impregnated on a s i l i c o n  carbide sub- 
s t r a t e .  None of t h e  other c a t a l y s t s  ava i l ab le  used s i l i c o n  carbide,  
se lec ted  by Engelhard a s  a p o t e n t i a l l y  high-temperature c a t a l y s t  base. 
The MFP c a t a l y s t  is provided a s  a 3/16- by 3/16-inch r i g h t  c i r c u l a r  
cylinder.  
Gi rd le r  Chemical Company 6-13 Cata lys t .  The Girdler  6-17 c a t a l y s t  
i s  a n icke l  oxide-on-alumina mater ia l  provided i n  the  form of 1/8- 
by 1/8-inch cylinders.  
Gi rd le r  Chemical Company 6-22 Cata lys t .  This c a t a l y s t  cons i s t s  of 
p e l l e t e d  copper chromite prepared i n  t h e  form of 118-by 1/8-inch 
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cyl inders .  No subs t ra te  mater ia l  is employed. Barium is  impregnated 
on t h e  copper chromite f o r  t h e  purpose of enhancing c a t a l y t i c  a c t i v i t y .  
Gi rd le r  Chemical Company G-49B Cata lys t .  The G-49B c a t a l y s t  cons i s t s  
of n ickel  impregnated on kiese lguhr ,  a  diatomaceous ear th .  This 
c a t a l y s t  i s  provided i n  t h e  form of 1/8- by 1/8-inch cyl inders  having 
t h e  surface c h a r a c t e r i s t i c s  presented i n  Table 3 . 
Gird le r  Chemical Company G-62 Cata lys t .  This c a t a l y s t  cons i s t s  of 
cobal t  oxide impregnated on a  " spec ia l  base", p ropr ie ta ry  wi th  the  
vendor. The 6-62 c a t a l y s t  is ava i l ab le  i n  t h e  form of 1/8- by 1/8-inch 
r i g h t  c i r c u l a r  cyl inders .  
Gi rd le r  Chemical Company 6-67 Cata lys t .  The 6-67 c a t a l y s t  i s  i d e n t i c a l  
t o  t h e  6-62 mate r i a l ,  bu t  c o n s i s t s  of cobal t  oxide impr.egnated on 
Irieselguhr. 
Gi rd le r  Chemical Company G-67RS Cata lys t .  The G-67R~ c a t a l y s t  i s  
i d e n t i c a l  t o  t h e  6-67 c a t a l y s t  i n  a l l  r e spec t s ,  including t h e  nature of 
a c t i v e  const i tuent  and s u b s t r a t e ,  except one. The G-67RS c a t a l y s t  
i s  reduced t o  cobal t  r a t h e r  than cobal t  oxide a f t e r  preparat ion,  and 
s t a b i l i z e d  t o  minimize oxidation. The manner of s t a b i l i z a t i o n  i s  
propr ie tary  wi th  t h e  vendor. 
Gi rd le r  Chemical Company T-7 Cata lys t .  The T-3 c a t a l y s t  i s  an experi- 
mental c a t a l y s t  consis t ing  of copper oxide impregnated on kieselguhr.  
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I n  physical s i z e  and appearance, t h e  T-7 c a t a l y s t  i s  s imi la r  t o  most 
of the  other Gi rd le r  c a t a l y s t s .  This mater ia l  i s  provided a s  a black- 
colored 1/8- by 1/8-inch r i g h t  c i r c u l a r  cyl inder .  
Girdler  Chemical Company T-893 Cata lys t .  The Gi rd le r  T-897 c a t a l y s t  i s  
an  experimental "zirconia-promoted nickel-on-refractory oxide" mater ia l .  
This c a t a l y s t  is provided i n  t h e  form of 1/4- by 1/4-inch cylinders.  
Girdler  Chemical Company T-1205 Cata lys t .  The Girdler  T-1205 c a t a l y s t  
i s  a l so  an experimental composition, and i s  v i r t u a l l y  i d e n t i c a l  i n  s i z e ,  
shape, and appearance t o  t h e  T-3 c a t a l y s t .  From a chemical composition 
standpoint ,  t h e  T-1205 c a t a l y s t  cons i s t s  of n ickel  oxide impregnated 
on kieselguhr. A promoting agent propr ie tary  i n  type and composition 
w i t h  the  vendor i s  used t o  enhance c a t a l y t i c  a c t i v i t y .  
Harshaw Chemical Company Zirconia-Chromia Cata lys t .  As t h e  name implies,  
t h i s  c a t a l y s t  cons i s t s  of a mixture of z i rconia  and chromia pe l l e ted  
i n  the  form of 1/4- by 1/4-inch t a b l e t s .  No subs t ra te  is used i n  pre- 
paring t h i s  c a t a l y s t .  
Houdry Process Corporation A-25Z Cata lys t .  The A-25Z c a t a l y s t  i s  manu- 
fac tured by impregnating chromium oxide ( ~ r  0 ) on alumina. The chemical 
2 3 
composition of t h i s  c a t a l y s t  i s  presented i n  Table 2 .  Surface charac- 
t e r i s t i c s  a r e  shown i n  Table 3. This mate r i a l  i s  provided i n  t h e  form 
of 1/8-inch-diame t e r  by nominally 3/16-inch-long extrusions . 
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During this program, both gaseous and liquid propellants were used. The 
gaseous propellants used during this study were supplied from commercial 
bottle gases with each gas being passed through a "molecular sieve" 
drier (calcium-aluminum-silicate) for removal of moisture prior to use. 
Liquid propellants corresponded to military specifications for liquid- 
hydrogen and liquid oxygen, respectively. 
Gaseous Hydrogen 
The hydrogen was obtained as an ambient-temperature gas from high-pressure 
storage bottles. These gases contained oxygen, nitrogen, and water in 
the parts-per-million range as impurities. As supplied, the hydrogen 
contained less than 15-ppm water, with an overall impurity level of less 
than 60 ppm. 
Gaseous Oxygen 
The oxygen was obtained from 2.13-cu ft K-bottles, The particular gas 
used was found by analysis to contain appreciable quantities of carbon 
dioxide (-2500 ppm) and water (-200 ppm), both of which are known to 
deactivate noble-metal catalysts. Therefore, the oxygen, as in the 
case of the hydrogen, was passed through a molecular sieve drier for 
removal of these impurities. The high removal efficiency of the 
molecular sieve drier is indicated by the fact that the carbon dioxide 
content of the gas leaving the drier was less than 50 ppm, while the 
water content was less than 0.5 ppm. 
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Liquid Hydrogen 
Liquid hydrogen was obtained as a saturated liquid from primary liquid 
hydrogen storage and complied with military specification MIL-P-25508D 
for propellant purity. 
Liquid Oxygen 
Liquid oxygen was obtained as a saturated liquid from primary liquid 
oxygen storage, with the propellant purity complying with military 
specification MIL-P-27201. 
The apparatus used during this program consisted of a catalytic activity 
measurement device used in catalyst screening, a 1-112-inch-diameter 
reactor used in evaluating catalyst life characteristics, and modified 
government-furnished hardware used in the large engine catalytic 
ignition studies. Each of the respective hardware items and, where 
applicable, the associated propellant systems are described in the 
following paragraphs. 
Preliminary Catalyst Evaluation Apparatus 
The apparatus used during the preliminary catalyst screening operation 
was as shown schematically in Fig. 2. This apparatus consists of a 
f low-metering (and proportioning) system for providing reactant gases 
to the catalyst bed in a controlled manner, a catalyst bed for effecting 
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reac t ion ,  and a  water absorbent mater ia l  f o r  s e l e c t i v e l y  removing the  
reac t ion  product (water) from the  e f f l u e n t  gas stream. Provision i s  
a l s o  made f o r  environmental cooling ( t o  -320 I?) of t h e  c a t a l y s t  and 
reac tan t s  p r i o r  t o  use. The c a t a l y s t  bed i s  mounted i n  a  detachable 
U-tube f i t t e d  wi th  a  thermocouple f o r  measuring environmental a s  wel l  
a s  react ion temperature. The adsorbent mater ia l  ( " ~ r i e r i t e " )  i s  
s i m i l a r l y  mounted i n  a  detachable U-tube t o  f a c i l i t a t e  weighing before 
and a f t e r  the  run. A back-pressure regula tor  i s  provided f o r  main- 
t a i n i n g  constant  pressure i n  t h e  reac t ion  chamber. 
Crush S t r e n ~ t h  Test Device 
The apparatus used i n  evaluating c r u s t  s t r eng th  of t h e  various c a t a l y s t s  
was s imi la r  t o  devices used i n  the  c a t a l y s t  indust ry  and consisted of a  
hydraulic jack of t h e  dead-weight t e s t e r  type arranged t o  e x e r t  pressure 
on a  c a t a l y s t  p e l l e t  placed between t h e  t e s t e r  p l a t e  and a  r i g f d  p l a t e .  
Force measurements t o  t h e  neares t  0 .1  pound were made by a  ca l ib ra ted  
pressure gage and a  known-diameter t e s te r -p la te  piston.  
One-Inch-Diamet e r  Hardware 
Reactor. The reac to r  used during t h e  gaseous phase of the  program con- 
s i s t e d  of a  1-inch-diameter (ID) s t a i n l e s s - s t e e l  tube reac to r  jacketed 
t o  provide f o r  p rech i l l ing  both t h e  reac to r  and c a t a l y s t  wi th  l iqu id  
n i t rogen p r i o r  t o  use. The reac to r  i n t e r n a l  geometry was adapted t o  
provide f l e x i b i l i t y  i n  the locat ion and length of t h e  c a t a l y s t  bed. The 
downstream end of t h e  reac to r  was threaded t o  provide f o r  i n s e r t i o n  of 
an  exhaust nozzle,  and t o  provide f l e x i b i l i t y  i n  t h e  se lec t ion  of nozzle 
diameters. A schematic of t h e  reac to r  and a  photograph of t h e  dissembled 
reac t ion  assembly a r e  presented i n  Fig. 3 and 4 ,  respect ively .  
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Catalyst pellets are randomly packed in a 4-inch-long sleeve, and held 
in place by perforated end plates or screens. Two types of catalyst 
pellet retainers were used during this study: 70-percent open-area 
stainless-steel screens, and 31-percent open-area perforated plates. 
Most of the tests were conducted with the screen upstream and perforated 
plate down-stream of the catalyst bed. 
The downstream end of the combustor was threaded as indicated in Fig. 3 
to accommodate a stainless-steel insert. The insert was drilled and 
machined to a convergent contour and served as the exit nozzle. Various 
inserts with different diameters were used to control the combustion 
pressure and velocity distribution through the combustor. A 0.221-inch- 
diameter nozzle was used almost exclusively throughout this program, 
however, primarily because this seemed to give good combustion char- 
acteristics. 
Inj ection-Mixer . The use of the catalyst-igniter configuration requires 
that the propellants be homogeneously mixed prior to introduction of the 
propellants into the catalyst bed. A basic 4-on-1 impinging-stream in- 
jector/mixer was used exclusively during the gas phase studies of this 
program. The injector/mixer had been proved during a previous program 
(~ef. 2 ) and because injector optimization was not an objective of 
this study, no further consideration was given to the injection system. 
The injector/mixer was made of stainless steel and consisted of five 
elements of four hydrogen jets impinging on a central oxygen stream at 
an impingement angle of 30 degrees. Impingement distance from tile 
injection face was 1/4 inch. The basic design called for a balanced 
momentum impingement at a mixture ratio of 1.0. The 4-on-1 impinging- 
stream injector-mixer is as shown in Fig. 3 ,  
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Catalyst Life Study Hardware 
The hardware used during this portion of the experimental programwas 
designed for use with liquid phase reactants at environmental tempera- 
tures approaching -kOO F. The system (injector, reactor, and nozzle) 
was designed to operate at nominal thrust levels of 100 pounds at a 
chamber pressure of 150 psia. 
Reactor. The reactor was designed to accommodate a 4-inch-long catalyst 
bed, 1.5 inches in diameter. Thermocouple bosses were provided for 15 
temperature measurements through the length of the catalyst bed. These 
thermocouples were spaced at 1/4-inch intervals to provide a well-defined 
temperature profile as a function of catalyst bed length. Additional 
bosses were provided for chamber temperature and pressure measurements. 
A threaded nozzle insert adapter allowed for variations in throat dia- 
meter. Internal sleeves which fit into the reaction chamber were pro- 
vided to facilitate insertion and removal of the catalyst bed from the 
reactor, to enable spacing of the catalyst bed within the reaction 
chamber, and to minimize heat leak from the reactor. A schematic of the 
reactor, including injector and catalyst chamber, is shown in Fig. 5. 
Photographs of the disassembled and assembled reactor are presented in 
Fig. 6 and 7 ,  respectively. The mass of the reactor was minimized 
by removal of excess metal surrounding the thermocouple bosses. Mass 
reduction was considered to be important to facilitate the attainment 
of liquid hydrogen environmental temperature prior to initiation of 
a run. 
~n,jector/~ixer. Two injector /mixers were used with this reactor. The 
first, shown in Fig. 6 and 7 , was a conventional 4-on-1 impinging 
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stream design with four hydrogen jets impinging at a 30-degree impinge- 
ment angle on a central oxygen jet. Impingement distance from the 
mixer face was 1/4 inch. This injector was all-welded, incor- 
porated no seals or gaskets, and provided a pressure tap in the oxidizer 
dome to enable measurements of oxygen injection pressure and of the 
relative time lag between oxygen arrival at the mixer and ignition. 
The second design used with the above reactor was similar to the first 
in all respects except one. The mixer design was based on a 2-on-1 
impinging stream pattern, with two oxygen jets impinging at a 30-degree 
impingement angle on a central hydrogen jet. As the 4-on-1 miker, 
this design utilized five elements. Impingement distance was designed 
as before, with impingement occurring 1/4 inch from the mixer face. 
Large Engine and Igniter Hardware 
The large engine and igniter hardware assembly, illustrated schematically 
in Fig.1 and pictured in Fig. 8, represented a composite of engine. 
injector, oxidizer dome, and catalytic igniter chamber, as described 
in the following paragraphs. 
Engine Thrust Chamber. The large engine thrust chamber used during this 
program was government furnished, and was designed for a thrust level 
of nominally 20,000 pounds at a chamber pressure of 300 psia. The 
chamber was made of tfRoclcideff-~oated carbon steel, and was designed for 
use as uncooled hardware. The chamber had the approximate dimensions 
shown in Fig. 9 , including a 7.82-inch-diameter throat, and a contraction 
ratio of nearly 2.0. 
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Fuel Manifold. The f u e l  manifold was manufactured from a  c i r c u l a r  
s e c t i o n  of 3-inch s t a in less - s t ee l  tubing welded t o  a  d i s t r i b u t o r  r ing .  
Fuel  por t s  t o  t h e  f u e l  manifold were spaced 180 degrees a p a r t ,  and 
were fed through a  s ing le  yoke. Provisions were made i n  t h e  f u e l  mani- 
f o l d  t o  enable'measurements of f u e l  in jec t ion  temperature and pressure.  
Engine In jec to r .  The large  i n j e c t o r  ( ~ i ~ .  10 ) incorporated 225 t r i p l e t  
elements, each element consis t ing  of two oxidizer  j e t s  impinging on a  
s ing le  f u e l  j e t .  The i n j e c t o r  design required a x i a l  i n j e c t i o n  of 
oxidizer ,  with the  oxygen flowing through d r i l l e d  o r i f i c e s  which passed 
from t h e  i n j e c t o r  back p l a t e  through the  f u e l  dome t o  the  i n j e c t o r  f ace  
p la te .  To incorporate t h e  c a t a l y t i c  i g n i t e r  i n t o  t h e  i n j e c t o r ,  t h e  center  
of t h e  in jec to r  was adapted t o  accept t h e  c a t a l y t i c  i g n i t e r ,  a s  indica ted  
i n  Fig,  10 through 11. 
Oxidizer Dome. The oxidizer  dome was fabr ica ted  t o  adapt t o  t h e  modified 
i n j e c t o r ,  and was a s  indicated schematically i n  F i g . l  and pic tured i n  
Fig .  8 and 11. Provisions were made f o r  p rech i l l ing  t h e  oxidizer  dome 
wikh l i q u i d  n i t rogen p r i o r  t o  use ,  a s  shown i n  Fig. 1 . 
C a t a l y t i c  I g n i t e r  Chamber. The c a t a l y t i c  i g n i t e r  chamber was designed 
a s  shown i n  Fig, 13 and 14 , This chamber incorporated provisions f o r  
c a t a l y s t  bed lengths up t o  5 inches long and a  diameter of approximately 
1.4 inches. The i g n i t e r  chamber was inser ted  i n t o  the  sleeve assembly 
i n  t h e  i n j e c t o r  a s  shown i n  Fig. 1 . An annulus 0.020 inch wide between 
t h e  i n j e c t o r  s leeve  and t h e  outer  diameter of the  i g n i t e r  chamber allowed 
f o r  i s o l a t i o n  of the  hot i g n i t e r  wa l l  from t h e  cold oxidizer  and f u e l  
domes, Gaseous hydrogen was passed through the  annulus t o  cool t h e  
i g n i t e r  outer  wall .  
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I n  addi t ion  t o  t h e  provision f o r  up t o  a  5-inch-long c a t a l y s t  bed, t h e  
i g n i t e r  chamber w a s  designed f o r  f l e x i b i l i t y  i n  locat ion of t h e  c a t a l y s t  
bed between the  i n j e c t o r  and t h e  nozzle,  and f o r  v a r i a t i o n  of i g n i t e r  
nozzle area.  The l a t t e r  provision enabled v a r i a t i o n  of chamber pressure  
under condit ions of near ly  constant  t h r u s t  level .  
I g n i t e r  Injector-Mixer. A 4-on-1 impinging stream mixer of the  type 
shown i n  Fig.  6 and 7 and previously discussed was used wi th  t h e  
c a t a l y t i c  i g n i t e r .  The s ing le  d i f ference  was the v a r i a t i o n  i n  o r i f i c e  
s i z e s  t o  allow f o r  gaseous r e a c t a n t  flow. 
Tes t  F a c i l i t i e s  
Gaseous Oxygen System. The oxygen systems both f o r  c a t a l y s t  evaluation 
i n  reac to r  hardware and f o r  large  engine i g n i t i o n  consisted simply of 
t h r e e  manifolded K-bottles which supplied gaseous oxygen t o  t h e  r e a c t o r  
through an instrumented flow loop. The gaseous oxygen flowed f i r s t  
through a  metering o r i f i c e  f o r  f lowrate measurement, then through a  
sonic o r i f i c e ,  and then t o  t h e  i n j e c t o r .  The sonic o r i f i c e  serves t o  
i s o l a t e  the  GOX supply system from pressure per turbat ions  when i g n i t i o n  
occurs and reac t ion  chamber pressure increases ,  thus maintaining a con- 
s t a n t  GOX flowrate. Marotta valves were used t o  i n i t i a t e  flow. The 
system was provided wi th  valving t o  allow f o r  i n i t i a t i o n  of oxygen f low 
through a  ven t  system p r i o r  t o  -[;he a c t u a l  i g n i t i o n  t e s t .  A s  t h e  t e s t  
was i n i t i a t e d ,  t h e  oxygen stream was diver ted  i n t o  t h e  r e a c t o r ,  and t h e  
system did not  s u f f e r  t h e  time lags  associa ted  wi th  l i n e  f i l l i n g ,  nor 
was t h e  metering o r i f i c e  system over-ranged a t  t h e  beginning of a  run. 
Figure 15 i s  a  schematic of the  oxygen supply system, The oxygen was 
provided a s  an ambient-temperature gas. 
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Gaseous Hydrogen System. The hydrogen supply system i s  shown schemati- 
c a l l y  i n  Fig. 1 6 .  Hydrogen was supplied t o  t h e  t e s t  stand from high- 
pressure storage b o t t l e s .  The flow loop used i n  the  evaluation of 
c a t a l y s t s  i n  reac to r  hardware was t h e  same a s  t h a t  described f o r  oxygen, 
wi th  one exception: hydrogen was p rech i l l ed  t o  se lec ted  t e ~ p e r a t m e s  
before entering t h e  reac to r .  The c h i l l i n g  was done by means of heat  
exchange wi th  l i q u i d  n i t rogen i n  a double-wall heat  exchanger. Hydrogen 
flowed from t h e  double-orifice arrangement through the  inner tube of 
t h e  hea t  exchanger. Liquid n i t rogen flowed through t h e  annulus from a 
double-wall dewar container pressurized a s  necessary with gaseous 
ni trogen to  de l ive r  t h e  desired f lowrate.  The c h i l l e d  hydrogen flowed 
overboard t o  t h e  atmosphere during the  t r a n s i e n t  phase. When the  e x i t  
temperature of t h e  hydrogen reached a steady-state value,  flow was 
diver ted  t o  t h e  r e a c t o r ,  and t h e  t e s t  i n i t i a t e d .  The hydrogen supply 
system f o r  use wi th  t h e  l a rge  engine c a t a l y t i c  i g n i t e r  d i f fe red  from 
t h e  above only i n  t h e  requirement f o r  a hea t  exchanger. Ambient gaseous 
hydrogen was used i n  t h e  large  engine c a t a l y t i c  i g n i t e r .  
Liquid Oxygen System. A s i n g l e  l iqu id  oxygen system schematic i s  pre- 
sented i n  Fig. 1 7 t o  describe both t h e  l i q u i d  oxygen system f o r  %lie 
c a t a l y s t  l i f e  s tudy reac to r  and t h e  l a rge  engine, because t h e  two 
systems d i f f e r e d  only i n  s i z e ,  the l a rge r  system having a t o t a l  capacity 
(125 gallons)  nea r ly  t r i p l e  t h a t  of t h e  smaller (43 gal lons) .  The 
l i q u i d  oxygen systems consisted of a l i q u i d  nitrogen-jacketed dewar 
whicll provided l i q u i d  oxygen t o  t h e  c a t a l y t i c  r eac to r  (or  l a rge  engine) 
through a system of valves ,  flowmeters, and pressure-and temperature- 
measuring instruments a s  shown i n  Fig. 17 . Gaseous boil-off was 
dumped overboard through a vent  valve during the  hardware chilldown 
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cycle. Once the  hardware was a t  e s s e n t i a l l y  l i q u i d  oxygen temperature, 
t h e  l iqu id  oxygen main valve was ac t ivated  and the l i q u i d  flowed through 
t h e  i n j e c t o r  t o  t h e  c a t a l y s t  bed. 
Liquid Hydropen Systems. The l i q u i d  hydrogen systems used with the  
c a t a l y s t  l i f e  s tudy reac to r  and with the  large engine d i f f e r e d ,  i n  
addi t ion  t o  f a c i l i t y  s i z e ,  pr imar i ly  i n  t h e  pliysical descr ip t ion of 
t h e  tanks and i n  the  manner of flow measurement. The l i q u i d  hydrogen 
system used wi th  the  c a t a l y s t  l i f e  study engine i s  shown i n  Fig. 18 .  
The l iqu id  hydrogen dewar container i s  a  tr iple-walled vesse l  con- 
t a in ing  l iqu id  hydrogen i n  t h e  inner sphere (25 gal lons) .  The sur- 
rounding annulus i s  evacuated t o  reduce hea t  leaks  t o  t h e  inner v e s s e l ,  
and t h e  outer  vesse l  i s  f i l l e d  wi th  l i q u i d  nitrogen. The outer  s h e l l  
i s  f u r t h e r  covered wi th  9 inches of insu la t ion  t o  reduce l iqu id  n i t ro -  
gen boi loff .  The l i q u i d  hydrogen dewar container i s  provided wi th  a  
nominally 25-foot-high vent  s tack equipped with sa fe ty  d isks ,  check 
valves ,  and pressure-rel ief  valves a s  indica ted .  
The small l iqu id  hydrogen flow loop i s  e n t i r e l y  vacuum jacketed, with 
t h e  exception of tu rb ine  flowmeters and valves ,  t o  reduce bo i l ing  i n  
t h e  t r a n s f e r  l i n e s  and thereby permit accurate f lowrate measurements 
and del ivery  of l iqu id  hydrogen t o  t h e  i n j e c t o r .  Liquid hydrogen 
temperatures a re  measured wi th  platinum res i s t ance  thermometers. 
The large  l i q u i d  hydrogen system (200 gal lons)  cons i s t s  of a  dual- 
walled vesse l  with an evacuated annulus surrounding t h e  l i q u i d  
hydrogen tank t o  serve a s  a  heat  b a r r i e r  and thereby minimize l i q u i d  
hydrogen losses  f r o m t h e  inner vesse l  caused by boil-off .  The l iqu id  
hydrogen system f o r  t h e  large  engine d i f f e r s  from t h a t  described 
previously i n  t h a t  a  ventur i  meter i s  used t o  measure l i q u i d  hydrogen 
flow. 
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Instrumentation 
Pressure Measurements. Pressure measurements were obtained by use of 
Taber, Statham, and Wianko-type pickups. Where necessary, the pickups 
were close-coupled to reduce pneumatic lag in the transmission of the 
pressure impulse. 
Temperature measurement. Temperature measurements, except for liquid 
hydrogen temperature, were made through the use of bare-wire thermo- 
couples, either iron-constantan or chromel-alumel. The iron-constantan 
thermocouple was used for all temperature measurements except the com- 
bustion chamber temperature. The latter temperature often exceeds the 
operating range of iron-constantan; and for that reason, chromel-alumel 
was used. 
Liquid hydrogen temperatures were measured by use of a platinum resis- 
tance thermometer specifically designed and calibrated for use with 
liquid hydrogen. 
The catalyst bed thermocouples were inserted to the centerline of the 
bed. Combustion chamber and catalyst bed temperatures were measured 
with 36-gage chromel-alumel bare wire thermocouples and recorded on 
dyanlogs and an oscillograph. In addition to the dynalog and oscillo- 
graph records, many of the parameters were tape recorded through a 
Beckan 210 data acquisition system for reproduction on cathode ray 
tube (CRT) printouts. 
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Flowrate Measurements. Flo~?rates of gaseous propellants were measured 
by a dual technique. A calibrated metering orifice immediately down- 
stream of the propellant reservoir indicated a differential pressure 
which was converted into a flow measurement. Concurrently, a sonic 
orifice down-stream of the metering orifice served to enable calculation 
of the flowrate by the nozzle equation for sonic flow. Orifice 
coefficient and expansion factors were obtained from available litera- 
ture (~ef. 7 and 8 ). Each system presented a reliable check on the 
other in that the two systems agreed within the range of limitations 
appropriate to each technique. 
Liquid propellant flowrate measurements were made by means of Fisher- 
Porter turbine flowmeters for all flows except liquid hydrogen to the 
large engine, in which case a venturi flowmeter was used. All volu- 
metric flows were corrected for changes in density caused by temperature 
and pressure. 
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CATALYST SEIZCTION 
The catalyst sel.ection phase of this program was divided into two major 
areas: chemical activity measurement, as indicated by degree of conver- 
sion of oxygen and hydrogen to water; and physical characterization, 
as determined by various physical tests. A third area of effort, that 
of catalyst screening in reactor hardware, represented a brief portion 
of this task. 
Chemical Activity 
For the purpose of this study, a dynamic or flow method of analysis was 
selected as the means of measuring catalytic activity. The apparatus 
is shown schematically in Fig. 2. The specific method of analysis con- 
sisted of passing a mixture of oxygen and hydrogen at a pre-established 
mixture ratio and flowrate through a reactor containing a constant weight 
of catalyst (5 grams) and fitted with a thermocouple to indicate the 
presence of reaction. The reacted mixture then passed through a water 
absorber (indicator ~rierite) for removal of water of reaction. The 
dry gases were then vented. The change in weight of the water absorber 
during the run reflected the amount of water formed by reaction. Sample 
bulbs were provided both upstream and downstream of the reactor for 
sampling both inlet and exit gases. Sample gas analyses, conducted mass 
spectrographically, provided control checks on the absorber weight-gain 
method of activity measurement. Catalysts evaluated in fuel-rich 
reactants were subjected to run durations of 10 minutes with reactants 
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at an oxygen/hydrogen weight mixture ratio of 5.33, diluted in gaseous 
nitrogen to provide an adiabatic reaction temperature of nominally 500 F. 
The selected combined gas flowrate was such that the theoretical water 
yield was 0.396 gram for the 10-minute run period. 
Catalysts evaluated in oxidizer-rich reactants were subjected to 20- 
minute run durations with reactants at a mixture ratio of 48, diluted 
in gaseous nitrogen to provide adiabatic reaction temperatures near 500 F. 
The theoretical water yield was again adjusted to be 0.396 gram by con- 
trolling reactant flowrate for one 20-minute run period. 
Provision was made for submerging the reactor in a constant-temperature 
bath to ensure comparability from catalyst to catalyst of the results 
of the low environmental temperature reactions, In instances where water 
was seen to freeze on the catalyst pellets or reactor walls, the reactor 
was also weighed and the gain in weight during the run added to the gain 
in weight of the absorber to establish the amount of water formed. 
Physical Characterization 
The physical characterization of the catalysts was generally limited 
to an elemental analysis (spectrographic), the evaluation of the effects 
of thermal shock on catalyst structural properties, and analyses of 
surface area, pore volume, and pore size distribution. 
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Elemental Analysis 
The elemental analyses of the various catalysts were made by Pacific 
Spectrochemical Laboratories by conventional emission spectroscopy 
techniques. 
Thermal Shock Treatment 
The thermal shock tests (modified sauna treatment) were conducted by 
means of a modified Engelhard procedure, The catalyst pellets were 
cooled in liquid nitrogen to thermal equilibrium, placed in a muffle 
furnace operating at 1000 C (1832 I?) for 10 minutes, and then plunged 
into liquid nitrogen. Damage to the catalyst was observed visually 
and by means of succeeding activity measurement. 
Surface Characteristics. The characterization of surfaces for the vari- 
ous catalysts was accomplished by use of an Engelhard Isorpta Analyzer. 
With this instrument, nitrogen adsorption isotherms may be obtained from 
which the surface area, pore volume, average pore diameter, and pore 
size distribution can be computed. The analytical technique is some- 
what lengthy and, for a. comprehensive explanation of the procedure, 
refer to the manufacturer's instruction manual (~ef . 9 ). From a 
preliminary analysis, however, it is seen that the measurement of surface 
chara.cteristics is a function of the amount of nitrogen adsorbed by a 
catalyst under conditions of given temperature and nitrogen partial 
pressure. Both the technique of application and manner of calculation 
are based on classical BET (~runauer, h e t t ,  ~eller) theory (~ef . 10). 
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Crush Strength. Catalyst crush strength was measured with the device 
previously described. In general, the catalyst samples were placed on 
the tester plate and compressed by increasing pressure on the hydraulic 
jack piston. Compression was increased until the pellet was crushed. 
The pressure was noted at which the catalyst failed, multiplied by the 
area of the piston (0.1 sq in.), and recorded as the crush strength of 
the catalyst,, Multiple runs (5 to 10) were made to provide representative 
sampling results. 
Catalyst screening with chilled gaseous propellants was conducted in the 
1-inch-diameter hardware, using the gaseous propellant systems previously 
described. The catalyst to be screened was placed in the reactor and 
chilled to the target temperature by heat exchange with liquid nitrogen 
flowing through the reactor jacket. Once the catalyst sample reached 
the desired temperature, gaseous hydrogen flow was initiated. Gaseous 
hydrogen was dumped overboard during the propellant chilldown cycle, and 
diverted through the engine once the desired fuel temperature was reached 
(normally -270 F).  Gaseous oxygen, at ambient temperature, was intro- 
duced when it was desired to start the test run, the mixture of ambient 
oxygen and chilled hydrogen producing the desired propellant environ- 
mental temperature (I'ig. 19 ). 
CATALYST LIFE STUDIES 
The catalyst life study task was originally designed to provide a measure 
of the selected catalyst's ability to resist degradation in repeated 
ignitions with the catalyst starting at -400 F, then being subjected 
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to 1000 F steady-state combustion, and then undergoing rapid chilling 
back to -400 F. I-Iowever, program complications, which are discussed 
later, arose which resulted in a change in overall program objectives 
and associated experimental procedures. Additional effort was incorporated 
into this task to a.llow for selected reactor parameter variations. 
Cata.lyst Life Ekaluation 
The catalyst life evaluations were conducted in the 1-1/2-inch reactor 
previously described and illustrated in Fig. 6. A 4-inch-long bed of 
the catalyst to be evaluated was placed in the reactor with the upstream 
end of the catalyst bed a fixed distance from the injector face. Liquid 
hydrogen was passed through the injector and thrust chamber to prechill 
the catalyst and hardware to nominally -400 F. Once the target tem- 
perature was reached, liquid oxygen was injected to effect ignition and 
sustain combustion for 10 seconds at a constant mixture ratio of approx- 
imately 1.25, equivalent to the combustion chamber temperature of 
approximately 1800 F. The runs were repeated at less than 1-minute 
intervals until a catalyst failure was evidenced by an ignition failure. 
Temperature measurements were taken at 1/4-inch intervals along the 
length of the catalyst bed to provide information on the transient 
ignition characteristics within the catalyst bed, to define the point of 
combustion initiation, and by comparison from run to run, to define the 
rate at which the catalyst deactivates. Pressure measurements were 
taken across the catalyst bed to aid in defining the manner in which a 
catalyst physically degrades in service. 
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Reactor Parameter Variations 
The procedure employed during the previous life evaluation studies was 
also employed in the analysis of the effects of reactor parameter vari- 
ations, The significant differences between these operations were the 
manner in which the catalyst was placed in the reactor, and in the 
manner in which reactor geometry was varied. Specific reactor geometry 
variations incorporated with the previously mentioned experimental pro- 
cedures were changes in mixing zone length between the injector and the 
catalyst bed, changes in void mixing volume between the injector and 
the catalyst bed, introduction of catalyst admixes in the first inch 
of catalyst bed length, and insertion of antichannelling rings which 
extended from the reactor wall into the catalyst bed for the purpose of 
redirecting propellant flow from the reactor wall into the catalyst bed. 
During the course of these suns, parameter measurements were made as 
previously discussed. 
PARAMETRIC ENGINE EVALUATIONS 
This program task was originally designed to evaluate the effects of 
changes in engine chamber pressure and mixture ratio on engine ignition 
delay along with fixed igniter conditions and constant oxidizer ramp 
rate, the effects of varying oxidizer ramp rate on engine ignition delay 
with fixed igniter and engine conditions, and the effects of varying 
igniter chamber temperature and propellant flowrate on engine ignition 
delay with. constant engine conditions and oxidizer ramp rate. For 
reasons discussed in a later portion of this report, the phase dealing 
with the evaluation of the effects of oxidizer ramp rate was deleted, and 
the other two phases were minimized in scope. The two remaining phases 
were conducted in virtually identical fashion, and are described herein 
as a single operation. 
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The initial step in conducting the experimental runs during the parametric 
engine evaluation was the installation of the catalyst bed. A 3-inch-long 
by 1.4-inch-diameter catalyst chamber was inserted in the igniter reactor 
illustrated in Fig, 13, spaced 3/4 inch from the face of the injector. 
A thermocouple was then placed in the combustion chamber downstream of 
the catalyst bed to sense the temperature generated by the combustion 
of the igniter reactants. Prior to the initiation of the experimental 
run, the catalytic reactor, cata.lyst bed, and associated hardware were 
chilled to a temperature of approximately -250 F by passing liquid 
nitrogen through the annulus surrounding the catalytic reactor. In 
initiating the run, ambient gaseous hydrogen was charged through the 
catalyst bed with ambient gaseous oxygen injection occurring approx- 
imately 1 second later. The timing of this operation is not critical, 
as long as a fuel lead is employed. 
Once the catalytic reaction between the igniter fuel and oxidizer had 
been initiated, and the igniter allowed to reach a steady-state reaction 
temperature of nominally 1500 F, liquid hydrogen flow to the engine was 
initiated. Approximately 1250 milliseconds were allowed for the liquid 
hydrogen flow to stabilize prior to the injection of liquid oxygen. On 
sequence, the liquid oxygen was charged to the engine for a period of 
250 to 300 milliseconds, a period of time sufficient to obtain ignition 
data. An oxidizer bleed was used to prime the oxidizer system prior 
to opening the oxidizer main valve. At the end of this period of time, 
the oxidider main valve was closed and the oxidizer purge was turned on. 
After approximately 50 milliseconds, the liquid hydrogen flow ceased, 
and the fuel purge was turned on. Finally, the oxidizer to the igniter 
was stopped, the igniter oxygen syskem downstream of the igniter main 
valve was purged to remove oxygen, and the igniter fuel valve was. closed. 
The igniter fuel manifold was then purged and the run was terminated. 
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The igniter was, in all cases, operated manually, both during the ignition 
cycle and at run termination. All other operations were sequenced 
electrically. 
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RESULTS 
CATALYST SELECTION AND ENALUATION 
A total of 28 noble metal and metal oxide catalysts was evaluated for 
relative activity during this program task, some in fuel-rich reactants, 
some in oxidizer-rich reactants, and some in both. Selected catalysts, 
chosen on the basis of good relative activity, were subjected to analyses 
for measuring surface characteristics, elemental analysis, resistance 
to thermal shock, and crush strength. The results of these analyses and 
discussions of the significance of these results are presented in the 
f o 1 lowing paragra.phs . 
Catalytic Activity 
The results of the relative activity measurements of noble metal and 
metal oxide catalysts in oxidizer-rich reactants are presented in 
Table 4 ,  with similar results for catalytic activity measurements in 
fuel-rich reactants presented in Table 5. The results presented in 
Table 4 illustrate that only three of the metal oxide catalysts offer 
real potential for accelerating the oxidizer-rich oxygen/hydrogen 
reaction, and even so, only at near ambient environmental temperatures. 
These catalysts, Engelhard Industries, Inc. MFP (iron oxide-on-silicon 
carbide), Girdler Chemical Company T-3 (copper-on-kieselguhr), and 
Houdry Process Corporation A-25Z (chromia-on-alumina) , each show pro- 
nounced loss in catalytic activity with reduction in environmental 
temperature, the MFP retaining only about 4 percent of the ambient 
temperature activity at an environmental temperature of -320 F, and the 
A-25Z catalyst retaining only approximately 2 percent over the same 
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temperature range. The ~ird~&.~-3 catalyst (copper-on-kieselguhr) 
. /. , 
retains nearly 60 of ,its, apbient temperature activity when the 
environmental temperature'.is ;educed to -320 F; but even so, the relative 
activity is only about 11 percent of the theoretical reactant conversion 
to water. In general, this,relative activity level is insufficient to 
accelerate appreciably the low temperature oxygen/hydrogen reaction. 
Consequently, none of the metal oxide catalysts evaluated is considered 
adequate to the task of accelerating the low-temperature oxidizer-rich 
oxygen/hydrogen reaction. It is significant, however, that at least three 
of these catalysts are sufficiently active to justify consideration in 
special applications wherein the oxidizer-rich reactants are at an 
elevated temperature or only slightly below normal ambient (77 F). The 
same metal oxide catalysts, when subjected to relative activity analyses 
in fuel-rich reactants  a able 5 ), show negligible conversion, even in 
an ambient temperature environment, with one exception. The single 
exception to this is the Engelhard MFP catalyst. This material gives 
adequate conversion of oxygen to water (59.5 percent) in an ambient 
temperature environment, but provides negligible conversion at reduced 
temperatures of -113 and -320 F (3.3 and 2.3 percent, respectively). On 
the basis of these results, and of those presented in Table 4, the 
Engelhard MFP catalyst offers potential as a dual-purpose catalyst 
(i. e., oxidizer-rich of f uel-rich reactants) in specialty applications 
with near ambient temperature reactants. 
The noble-metal catalysts, when subjected to relative activity measure- 
ments in fuel-rich reactants, gave the results presented in Table 5. 
Many of these results were extracted from Ref. 3 ,  and are presented for 
comparison. The noble-metal catalysts, with the exception of the Houdry 
A-100s and B-100s catalysts and the Sundstrand catalyst, give very high 
levels of conversion with ambient temperature reactants in an ambient 
temperature environment. 
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In an intermediate temperature environment (-114 I?), the same catalysts 
provide relative activities which are entirely adequate for acceleration 
of the -fuel-rich oxygen/hydrogen reaction, the lowest recorded relative 
activity being 66 percent for the Houdry A-2OOSR. At an environmental 
temperature of -320 F, the Houdry A-2OOSR catalyst is not considered to 
be capable of adequately accelerating the fuel-rich oxygen/hydrogen 
reaction because of the reduced relative activity. The remainder of 
the noble-metal catalysts shown in Table 5 are considered adequate to 
the task of promoting the low-temperature gaseous phase reaction of 
fuel-rich oxygen and hydrogen. 
The Houdry A-100s and B-100s catalysts are clearly inadequate for 
promoting the fuel-rich oxygen/hydrogen reaction, and are eliminated 
from consideration. The Sundstrand catalyst evaluation in laboratory 
hardware was generally inconclusive. From a theoretical consideration, 
this catalyst should have been adequate for the efficient low-temperature 
reaction of oxygen and hydrogen. The relative activity level reported 
for the environmental temperature of -320 F (5.0 percent) is not con- 
sidered adequate for promotion of the liquid propellant reaction, at 
least in the configurations of interest in this program. One argument 
which appears to explain the apparent anomaly is the fact that the 
Sundstrand catalyst was provided in the form of 5/16-inch-diameter spheres, 
and was evaluated in laboratory glassware designed for use with nominally 
1/8-inch pellets. Conceivably, propellant channelling through the 
catalyst bed without adequate contact with the catalyst may have been 
such that insufficient contact was made to promote the reaction. A 
second possible explanation may be that the Sundstrand catalyst may 
have deactivated in storage.  h his problem of general interest will be 
discussed in more detail in a succeeding section of this report.) Both 
of these arguments are considered to be possible explanations for the 
apparent anomaly, because relative a.ctivities for the Sundstrand catalyst 
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are uniformly low for all environmental temperatures. Furthermore, 
because in general, noble-metal catalysts in ambient fuel-rich reactant 
mixtures .either have activities on the order of 90 percent or higher, or 
are less than 5 percent, it appears unlikely that a high noble-metal- 
content catalyst such as the Sundstrand formulation would have an activity 
in the range of 31 percent. 
A significant feature of the Engelhard MFSA and 4X-MFSA catalysts is 
demonstrated in Table 5. Both of these catalysts retain a very high 
level of catalytic activity at an environmental temperature of -320 F. 
The MFSA catalyst is seen to retain nearly 80 percent of its ambient 
temperature activity (97.0 percent) at -320 F, whereas the 4X-MFSA 
catalyst retains in excess of 97 percent of its ambient temperature 
activity (74.5 percent) at -320 F. These results indicate that catalytic 
activity for this general catalyst composition and method of manufacture 
is not a strong function of environmental temperature, and further 
indicate that these catalysts would have a far greater than average 
probability for continued promotion of the fuel-rich oxygen/hydrogen 
reaction at cryogenic environmental temperatures. 
The results presented in Table 4 illustrate that most of the noble- 
metal catalysts are capable of promoting the ambient temperature oxidizer- 
rich oxygen/hydrogen reaction. At an environmental temperature of -114 F, 
only the Engelhard catalysts and the Houdry A-2OOSR catalysts provide 
relative activities sufficiently high to adequately promote the oxidizer- 
rich oxygen/hydrogen reaction. A possible exception to this is the Shell 
405 catalyst. The first batch of this material received showed a relative 
activity at -114 F of only 9.7 percent, whereas the second batch provided 
an activity of 34.5 percent under identical conditions. The apparent 
difference probably results from slight differences in the manuf.acturing 
procedure, or, perhaps, from catalyst 'improvement between batches, At 
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an environmental temperature of -320 F, only the Engelhard MFSA and 
Houdry A-2OOSR catalyst provide sufficient activity for adequate pro- 
motion of the oxidizer-rich oxygen/hydrogen reaction, the relative 
activity levels being 50.4 and 26.2 percent, respectively, 
A summary chart of the most active catalysts is presented in Table 6 for 
both noble-metal and metal-oxide catalysts in fuel-rich and oxidizer- 
rich reactants, From this table, it is seen that the Engelhard ME'SA 
and Houdry A-2OOSR noble-metal catalysts and the Engelhard MFP metal- 
oxide catalyst provide potential as dual-function catalysts suitable for 
use in special applications both in fuel-rich and oxidizer-rich reactant 
combinations. The Engelhard MFP catalyst activity is too low for appli- 
cations wherein the environmental temperature may be significantly less 
than ambient. The Engelhard MFSA and Houdry A-2OOSR would probably be 
satisfactory at environmental temperatures of -300 F or perhaps lower, 
The primary disadvantage to the use of noble+netal catalysts, in oxidizer- 
rich reactants is the possibility of catalyst damage because of oxidation 
of the catalytic surface, which may not be a severe problem; however, 
an insufficient amount of experimentation has been conducted to confirm 
multiple reignition capability with noble-metal catalysts in oxidizer- 
rich reactants. 
Surface Characterization 
Surface characterization was conducted on a representative sample of 
the most active catalysts, and in some instances on catalysts of a type 
and preparation different from those evaluated and reported in Ref. 3. 
In general, the results presented in Table 3 indicate the catalysts to 
fall into two categories. With notable exceptions, the noble-metal 
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catalysts have surface areas in the range from 200 to 250 square meters 
per gram, whereas the oxidizer metal catalysts have surface areas from 
50 to 100 square meters per gram. Specific exceptions are the Engelhard 
MFSA, 4X-MFSA, and MFP catalysts, Sundstrand's AAMT-88R, Davison's 
SMR 55-1097-1, Girdler's 49B, T-893, and T-1205, and IIoudry's A-100s. 
Ehgelhard's MFSA catalyst was specifically designed as a high-surface- 
area material in an effort to provide maximum active area for the oxygen/ 
hydrogen reaction. The 4X-MFSA catalyst uses the same substrate as the 
MFSA, but suffers a very large decrease in surface area because of the 
impregnation of large quantities (-- 2 weight percent) of noble metals. 
This loss in surface area is perhaps characteristic of catalysts having 
unusually high active-metal contents. The third Engelhard catalyst, 
the MFP, has an extremely low surface area, primarily caused by the fact 
that this catalyst is manufactured with a silicon carbide substrate. The 
silicon carbide, while highly resistant to high-temperature damage, 
is extremely difficult to prepare in a high-surface-area form. In this 
particular instance, the manufacturer was concerned primarily with high- 
temperature resistance, and recognized that surface area would be sacrificed. 
The Sundstrand AAMT-88R catalyst has a low surface area primarily because 
of the unusually large (approximately 10 weight percent) noble-metal 
content. 
The Davison SMR 55-1097-1 is high in surface area, but not unduly so 
for catalysts manufactured on a silica gel substrate. These materials 
characteristically have surface areas on the order of 500 to 600 square 
meters per gram. The Houdry A-100s catalyst was intentionally designed 
by the vendor as a nominally 100 square meter per gram surface area catalyst. 
Pore volumes for the various catalysts are approximately as anticipated. 
From a very general standpoint, pore volume in magnitude is normally equal 
to about 0.1 to 0.15 percent of the surface area. Certain notable 
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exceptions are the Houdry A-25Z, Girdler G-67RS and T-893, and Davison 
SMR 55-1097-1 catalysts. No explanation is given for the large pore 
volume exhibited by the Houdry A-25Z catalyst or for the low pore volume 
of the Girdler T-893, an experimental catalyst. The large pore volume 
of the Girdler G-67RS undoubtedly results from the reduction and stabili- 
zation operation conducted after manufacture of the cobalt oxide catalyst. 
The Davison SMR 55-1097-1 catalyst is prepared on a silica gel substrate, 
and as such is not considered under the "0.1 to 0.15 percent" rule of 
thumb. The indicated pore volume of 0.25 ml/gram is consistent with 
other silica gel-based catalysts, . 
The average pore diameter presented for the various catalysts is cal- 
culated from the surface area and pore volume measurements, and is 
consistent for the listed catalysts. 
Chemical Analgs is 
Based on activity measurements, only eight of the most promising catalysts 
were submitted for spectrographic analysis in this program. These 
catalysts were Engelhard's DS, DSS, MFSS, 4X-MFSA, MFSA, and MFP; and 
Boudryrs A-2OOSR and A-25Z. The results of these analyses are shown 
in Table 2 , 
Reviewing the data presented in Table 2 ,  it is noted that the major 
difference between the DS and DSS catalysts is the amount of sodium 
present. Because alkali metals are Imown to promote catalyst sintering 
with resultant loss in surface area and activity, it is conceivable that 
the DSS formulation would have greater reignition capability than the DS 
formulation. The MFSS catalyst is seen to be different from the DS and 
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DSS catalysts in noble-metal content. The catalytic agents in the MFSS 
formulation are platinum and rhodium. The vendor contends that rhodium 
is more active in promoting the reaction of oxygen and hydrogen than 
either platinum or palladium. Rhodium, however, is reportedly difficult 
to deposit on a substrate; hence, platinum is used as a base on which to 
deposit rhodium. Some synergistic effects may result from use of bi- 
metallic catalyst, but such was not the purpose in the original formulation. 
The fourth catalyst shown in Table 2 , MFSA, is seen to be similar to 
MFSS in the use of platinum and rhodium, but the analysis indicated an 
absence of any appreciable quantity of silicon, reduced platinum and 
rhodium content, and the presence of lead as a third metal. The virtual 
absence of sodium should make this catalyst capable of repeated use 
without appreciable loss in activity. 
The Ehgelhard 4X-MFSA catalyst has the same nominal composition as the 
MFSA with a single exception. The noble-metal content of the 4X-MFSA, 
while almost equally divided between platinum and rhodium, is about six 
times that of the MFSA. 
The sixth catalyst, A-BOOSR, appears to be simply a platinum-on-alumina 
formulation, typical of re-forming catalysts used in the petroleum industry. 
This particular catalyst is one of a series of sulfur-resistant platinum 
configurations deposited on, nominally, a 200-square-meter-per-gram 
surface area substrate. The term "sulfur-resistant" refers to resistance 
to poisoning by the action of sulfur compounds, a property not important 
in the present application, 
The MFP cata.lyst, manufactured by Ehgelhard is essentially free of alumina, 
the indicated 1.1 weight percent probably resulting from impurities in 
the silicon or iron used in preparing the catalyst. No carbon is shown 
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in the analysis; however, it is known that the substrate was silicon 
carbide, and that carbon appears in the catalyst in stoichiometric pro- 
portion with the silicon. 
The final catalyst, Houdry's A-25Z, consists almost exclusively of aluminum 
and chromium, in&cating that a high-grade alumina was used in its manu- 
facture, and further that no activity-promoting agent was used. The 
very low alkali metal content of this catalyst should make it highly 
resistant to activity loss in repeated service, 
Resistance to Thermal Shock 
The resistance to thermal shock, as measured by the procedure previously 
described, of most of the noble-metal catalysts has been documented 
in Ref. 3. The results of similar analyses with the remainder of the 
noble-metal and of the metal-oxide catalysts is presented in Table 7 . 
Disappointingly, the oxidation-type catalysts do not exhibit adequate 
activity after treatment. It is of interest that the silicon carbide 
support incurred least damage. The silicon carbide-supported catalyst 
(MFP), however, was completely inactive after the thermal shock treatment, 
as shown in the final column of Table 7 . Next to the silicon carbide 
support, kieselguhr appeared to be the most resistant to thermal shock. 
Most of the oxidation-type catalysts incurred physical damage, however, 
indicating that the reduction-type catalysts are far superior to the 
oxidation type insofar as resistance to thermal shock is concerned. This 
further indicates that the reduction-type catalysts would be superior to 
the oxidation type, from a structural integrity standpoint, for appli- 
cations requiring multiple restart capability. 
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No explanation, other than the fact that the analytical technique becomes 
less sensitive for activity measurements less than nominally 5 percent, 
is given for the fact that certain of the catalysts showed an apparent 
increase in relative activity in oxidizer-rich reactants after the 
thermal shock treatment, 
mLIMINI1RY CATALYST EVALUATIONS IN 
REACTOR mwAm 
In addition to the analyses conducted in laboratory hardware, preliminary 
experiments were conducted in the 1-inch diameter reactor hardware 
illustrated in Fig. 3 and previously described. Selected catalysts, 
chosen on the basis of the results of laboratory analyses, were evaluated 
and compared at a variety of environmental conditions, in both fuel-rich 
and oxidizer-rich reactant combinations. 
Analyses in Fuel-Rich Reactants 
The first catalyst analyses in reaction hardware were conducted with 
the Ehgelhard ME'SA catalyst in fuel-rich (mixture ratio 0.8) reactants, 
to provide a basis for comparison of other catalysts. A summary of the 
results of these analyses are presented in Table 8 and Fig, 20 through 
23. The specific runs, designated as 1 through 4 in Table 8 , were con- 
ducted under the conditions indicated, utilizing a catalyst bed 1 inch 
in diameter by 4 inches long. Response characteristics of the Engelhard 
MFSA catalyst, in terms of the rates of approach of cha,mber temperature 
and pressure toward steady-state values, are shown in Fig. 20 and 21. 
By comparison, it is shown that the approach to steady state is strongly 
influenced by reactant mass rate. This is consistent with the theoretical 
prediction previously discussed. 
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Under conditions comparable to those reported in Table 8 for run 1, the 
Engelhard MFP produced no ignition, as shown in run 5. In run 6, con- 
ducted at a moderately reduced reactant mass rate, and in an ambient 
(75 F) temperature environment with ambient temperature reactants , the 
MFP catalyst produced an ignition with an ignition delay time of nominally 
2 seconds, defined as the time lag between arrival of the oxidizer in 
the injector dome and the first indication of temperature in the com- 
bustion chamber. At a higher reactant flowrate (run 7), the ignition 
delay time was reduced to approximately 1 second. The next four runs 
conducted with the MFP catalyst were conducted for the purpose of 
defining the minimum environmental temperatures at which this catalyst 
would produce an ignition. These runs (8 through 11) were all conducted 
with ambient temperature reactants (81 I?), and with progressively colder 
catalyst and hardware environmental temperatures, Run 8, conducted 
with a catalyst bed temperature of -100 F, resulted in an ignition after 
approximately 1 second, but never reached a steady-state condition 
during a 10-second run, The following run (9) was conducted with a 
catalyst bed temperature of approximately -150 F, and produced similar 
results, as did run 10, conducted with a catalyst bed temperature of 
-190 %. The final run, conducted with a catalyst bed temperature of.-225 F, 
resulted in an ignition failure, illustrating that the Engelhard MFP 
catalyst is incapable of promoting the desired oxygen/hydrogen reaction 
under the flow conditions indicated at temperatures below nominally -200 F. 
In addition to the extremely long ignition delay times observed with the 
MFP catalysts, the rates of approach to steady-state conditions were 
very slow, and ignition was often unstable, In runs 6 and 7 of Table 8 , 
a pressure surge was experienced at the onset of ignition. In run 10, a 
flashback occurred after approximately 1500 milliseconds. A brief pressure 
surge was observed, but without apparent damage to the reactor or to 
the catalyst bed. 
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Analyses in Oxidizer-Rich Reactants. 
A brief series of runs was conducted with the Engelhard MFP (iron-on- 
s i licon-carbide ) and MFSA (platinum, rhodium-on-alumina) and Catalyst 
and Chemicals, Inc. C 13-1 (nickel oxide-on-alumina) catalysts in 
oxidizer-rich reactant combinations to evaluate the relative capabilities 
of these materials to promote the oxygen/hydrogen reaction under con- 
ditions existing in typical reaction hardware. The significant results 
of these runs are presented in Table 8 and Fig. 22 and 23. With ambient 
temperature (75 to 85 F) reactants, in ambient temperature hardware, 
each of the three catalysts was capable of promoting the desired 
reaction. Ignition delay times were excessively long with each of the 
catalysts, as indicated in Table 8 and Fig. 22 and 23. Neither of the 
metal-oxide catalysts was capable of promoting the oxidizer-rich reaction 
at environmental temperatures of -250 F. No runs were conducted with 
reduced temperature reactants. The Engelhard MFSA catalyst was capable 
of promoting the oxygen-rich (mixture ratio = 93) reaction at a catalyst 
bed environmental temperature of -206 F (lowest attempted), as shown 
in Table 7, run 15. At the beginning of this run, however, a pressure 
surge was noted. A postrun investigation revealed no damage to the 
catalyst or to the hardware. 
Each of the runs conducted with oxygen-rich reactants indicated extremely 
long response times. Undoubtedly much of this response delay is attribut- 
able to the cata.lyst and reaction system; however, some of the delay 
must be attributed to the purely pneumatic lag associated with filling 
the reaction chamber. It should be noted that for the same mass rate, 
the oxygen-rich reactant combination (mixture ratio = 85) has a density 
roughly equal to 7.5 times that of a comparable flame temperature fuel- 
rich combination (mixture ratio = 1.0). Consequently, the purely 
pneumatic fill time for the oxygen-rich combination would be approximately 
7.5 times that for the fuel-rich reactant mixture. 
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CATALYST LIFE EVALUATI ONS 
The original objective of the catalyst life evaluation task was to , 
evaluate the reignition capability of the Ehgelhard MFSA and ME'SS 
catalysts with liquid phase reactants at an environmental temperature 
near -400 F, when subjected to repeated experiments for 10 seconds 
duration at a reaction chamber temperature of approximately 1800 F, and 
to relate reignition capability to catalyst useful "life." As a result 
of certain unanticipated difficulties discussed in the succeeding para- 
graphs, the objectives were modified to an optimization study on liquid 
oxygen/liquid hydrogen catalytic reactor design, evaluations of the effects 
of storage environment on catalyst activity, and analyses of means of 
reactivating partially deactivated catalysts. 
Catalyst Life Studies 
~ u i i n ~  the initial phase of this task, the catalytic reactor illustrated 
in Fig. 5 through 7 was designed and fabricated on the basis of technology 
developed in a previous program (~ef . 3 ) . The fundamental design was 
based on a number of trade-offs. The results of the previous studies 
with liquid propellants indicated that a certain minimum propellant velocity 
in the mixing zone between the injector and the catalyst bed is required 
to eliminate any spiking tendencies. Consequently, the engine diameter 
must be sufficiently small (for a given propellant mass rate) to ensure 
that the minimum velocity is equalled or exceeded. On the other hand, a 
certain minimum liquid hydrogen mass rate is necessary to ensure delivery 
of liquid hydrogen to the injector. This is dictated by the rate of heat 
absorption peculiar to the existing liquid hydrogen facility, On these 
bases, the catalyst life study engine was designed with a 1-1/2-inch- 
diameter chamber. The catalyst bed length was based on a ~atal~st/~ro~ellant 
residence time consideration, and was fixed at 4 inches. 
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The catalysts used initially during this effort were catalysts available 
from the previous program (~ef . 3 ) and were approximately 6 months old, 
The catalyst first selected for evaluation was the Engelhard MFSS for- 
mulation. This catalyst was installed in the chamber and preliminary 
runs with liquid oxygen and liquid hydrogen were conducted, During the 
initial two runs, reported in Table 9, conducted for a nominally 2- 
second duration, no satisfactory ignition was observed. The catalyst 
was then preburned (again) with gaseous propellants, and preparations 
were made to repeat the liquid propellant runs, During the first run 
following the catalyst preburn, a delayed ignition resulted, and the 
catalytic reactor was destroyed, In analyzing the data from this run, 
it appeared that the explosion resulted from poor mixture ratio dis- 
tribution. Apparently, ignition occurred at some point in the bed 
and propagated back to the injector face. Accumulated propellant 
quantities in the catalytic reactor were such that the explosion resulting 
from their reaction was sufficient to "balloon" the section of the 
reactor adjacent to the injector, between the injector face and the 
catalyst bed, To correct the mixture ratio distribution problem, and 
thereby eliminate the problem of explosions, the basic injector design 
was modified to provide a 2-on-1 (oxidizer-on-fuel) triplet pattern, with 
an impingement distance of 1/4 inih, and an included angle of impingement 
(oxygen-on-oxygen) of 60 degrees, This injector configuration has been 
used successfully and found to deliver high c* efficiency with liquid 
hydrogen/liquid fluorine propellants, which are not grossly different 
from liquid hydrogen/liquid oxygen in mixing, characteristics. In general, 
it appeared that the 4-on-1 (hydrogen-on-oxygen) injector did not give 
optimum mixing, primarily because the liquid hydrogen did not impinge in 
a theoretioal manner, but tended to vaporize, with loss in momentum and 
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corresponding loss in mixing efficiency. By impinging the two LOX streams, 
it is thought that atomization occurs, either with or without hydrogen 
flow, and that thorough propellant mixing occurs when t h ~  two propellants 
impinge. 
The catalytic reactor design was also modified for use in the continuing 
catalyst evaluations, the specific modification being to delete the require- 
ment for removal of steel around the thermocouple bosses in the chamber 
wall. The new catalytic reactor had a thicker wall, and was coprespond- 
ingly heavier. 
Following fabrication of the 2-on-1 injector and the redesigned reactor, 
the catalyst life study was reinitiated. The first three runs (4, 5, and 
6 in Table 9 ) were conducted with fresh samples of MFSA catalyst. Diff i- 
culties were encountered during runs 4 and 5 in maintaining mixture ratio 
control because of a gross shift in liquid hydrogen density with small 
changes in temperature. As a result, the catalyst bed burned out in each 
of these runs. This problem was resolved, however, during run 6, and 
with two exceptions, the results appeared visually to be quite satisfactory. 
The chamber pressure was only about 75 percent of the anticipated value 
(125 psis), and the combustion chamber temperature thermocouple indi- 
cated only 600 F, possible an erroneous figure. It was assumed that per- 
formance was lower than anticipated, thereby accounting for the reduced 
chamber pressure; and runs 7 and 8 were conducted with the same catalyst 
and under the same conditions as run 6. Run 7 produced results almost 
identical to those of run 6, and run 8 experienced an internal explosion 
and loss of the catalyst bed. A more detailed review of the data indicated 
that the combustion chamber thermocouple had not failed but simply had 
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not sensed the true flame temperature. It was tentatively concluded 
that combustion had occurred in runs 6 and 7, but that the flame front 
was at some point downstream of the thermocouple, perhaps in the con- 
vergent section of the nozzle. In retrospect, it is now known that the 
temperature indicated by the chamber thermocouple was accurate. The 
reaction between oxygen and hydrogen had occurred in an upstream region 
of the catalyst bed, probably in the first or second inch of catalyst. 
The hot reaction products were simply cooled by heat transfer to the 
remainder of the catalyst pellets and by heat loss to the surroundings. 
The results from an analysis of run 6 are presented in Fig. 24. From 
these data analyses, it is seen that the peak reaction temperature 
occurs at a location 1.5 inches from the front of the catalyst bed and 
drops progressively through the remaining 2.5 inches of bed. This result 
explains the reduced chamber temperature and pressure observed during the 
previous runs. 
Following run 8, a smaller-diameter nozzle, equivalent to a chamber 
pressure of 200 psia for the prescribed flowrate of 0.16 lb/sec and 
mixture ratio of 1.1, was installed in the engine. This resulted in an 
increase in characteristic chamber length of 60 percent, with a corres- 
ponding increase in propellant residence time in the combustion chamber, 
Run 9 was conducted with this new nozzle in a manner identical to that 
of the three previous runs with one exception. Prior to this run, the 
catalyst was preburned in a fuel-rich atmosphere at a temperature of 850 F 
for 10 minutes to promote surface reduction and activation. Following 
this preburn operati~n, the run was conducted. No ignition was observed, 
and on termination of the run as the fuel valve closed and the purges were 
activated, an internal explosion occurred and the catalyst bed was blown 
out of the chamber. On the basis of these results, it .appeared that 
oxygen might be freezing on the surface of the catalyst, melting and 
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boiling off into a predominantly gaseous hydrogen atmosphere as the 
hydrogen flow was terminated, and reacting violently in the presence of 
the catalyst. On this basis, the valve sequencing was changed to provide 
a shorter hydrogen lead (1.5 seconds as compared to the previously used 
5 seconds) time, and to increase the hydrogen lags. The purges were 
sequenced to be turned on immediately upon termination of liquid oxygen 
flow. 
Run 10 was conducted with freshly preburned MFSA catalyst, and with the 
new valve sequencing schedule. The results were encouraging in the sense 
that no explosion occurred, but was unsuccessful in that no ignition 
occurred. In run 11 the Shell Development Company's 405 catalyst was 
used and the procedure of run 10 repeated. The results of run 11 were 
largely similar to those of run 10 except that a low level detonation 
appeared to occur at the end of the run. A visual observation of the 
catalyst showed that about 20 percent of the catalyst pellets had been 
shattered, but that the catalyst was apparently undamaged otherwise. 
Because of its limited availability, no further runs were conducted with 
the Shell 405 catalyst. 
Runs 12 and 13 were conducted with 1-second hydrogen leads in the mnner 
of runs 10 and 11. The catalyst used individually in each run was the 
Engelhard MFSA, preburned in a hydrogen atmosphere for 10 minutes at 
approximately 750 F. The results of these runs were virtually identical 
to those of runs 6 and 7, previously conducted with a smaller characteristic 
chamber length. Pressure was evidenced in the combustion chamber at a 
level of about 75 percent of the anticipated value, but no temperature 
was recorded. Postrun inspection indicated that combustion had been 
evidenced in the section of the catalyst bed nearest the injector, but 
this may have occurred on shutdown. 
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CATALYST DEACTIVATION 
The previously discussed behaviors were of forms heretofore unexperienced 
during catalytic investigations of hydrogen/oxygen ignition. It appeared 
that the difficulties must have their origin with the catalyst activity. 
Effort was then diverted to examine the activity characteristics of the 
catalysts used during these first life study evaluations. The catalytic 
activity of the Engelhard MFSA catalyst which had been used during these 
runs was found to have a relative activity of only about 10 percent of the 
"as received from the vendortt value, and the experimental catalyst life 
study runs were terminated pending evaluation of the specific problems of 
deactivation. Initially, the activity loss was assumed to be temporary; 
and efforts were made to recover the lost activity by various environmental 
treatments such as drying and reducing the catalyst in a hot hydrogen 
atmosphere. 
The relative activity of the treated catalysts was evaluated at an environ- 
mental temperature of -320 F, and compared to that of the original catalyst 
and of the catalyst used during these experiments; the results are presented 
as follows: 
Catalyst Condition Relative Activity, percent 
Newly received from vendor 78.3 
6-months old 6.3 
Dried 12.8 
Calcined 35.9 
The 6-month-old catalyst was withdrawn from the laboratory storage con- 
tainer without any form of pretreatment. The dried catalyst was dried 
in hydrogen for 2 hours at 680 F and the calcined catalyst was maintained 
in an air environment at 1110 F for 2 hours. It was apparent from these 
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results that the catalyst had experienced some damage during the nominally 
6-month storage cycle since receipt from the vendor. In considering the 
various effects of loss in catalytic activity, a thermodynamic analysis 
indicated that liquid hydrogen, under the conditions of the experimental 
program, has the capability for freezing seven times its weight in liquid 
oxygen. From a propellant residence time/heat transfer rate analysis, 
this cannot occur in the propellant mixing zone of the catalytic life 
study reactor (1-1/2-inch diameter by 1-inch long), but can occur on the 
surface of the catalyst, previously chilled to liquid hydrogen temperature 
(-400 F) . The reduced catalyst activity could conceivably aggravate the 
freezing problem because of the reduced level of energy input to the 
system from the chemisorption of hydrogen on the catalytic surface. As 
observed, these treatments resulted in a maximum recovery on only about 
half of the original activity as discussed in the succeeding paragraph; 
consequently, it appeared that the activity loss was permanent rather 
than temporary. 
The next most obvious source of catalyst damage is moisture from the air. 
In discussing the problem of catalyst deactivation during storage with 
Engelhard Industries, Inc . , of Newark, New Jersey (~ef . 11 ) , it was 
suggested that the most likely cause of catalyst deactivation was caused 
by moisture contamination. It has been well documented (Ref . 12 ) that 
water has a detrimental effect on noble-metal catalysts in general, and 
on platinum-based catalysts in particular, the specific manner of catalyst 
damage probably being some promotion of platinum crystal growth in the 
presence of water. It is important to note that catalyst activity loss 
by this mechanism is irreversible. It is further reported (Ref. 13 ) that 
exposure to air may have a detrimental effect on catalysts in much the 
same manner as water. However, precise definitions of this effect are 
not available. 
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CATALYST REACTIVATION 
Subsequent to a review of the problems encountered as a result of the 
catalyst deactivation caused by some form of contamination or physical 
and chemical change in shelf storage, a quantity of deactivated catalyst 
was subjected to a variety of treatments in an effort to reactivate, or 
reclaim lost activity. Following the respective experiments, conducted 
on separate catalyst samples, analyses of relative cata.1ys-b activity at 
an environmental temperature (catalyst and reactants) of -320 F were 
performed. The results of these analyses are presented in Table 10. 
In general, it appears that marked catalyst reactivation can be accom- 
plished by subjecting the catalyst to selected high-temperature treatments. 
Ekposure of the catalyst sample to a dry nitrogen environment for 10 
minutes at a temperature of 500 F has the effect of reactivating the 
catalyst to a level of nearly 90 percent of the original activity. 
Subjecting the catalyst to a hydrogen atmosphere for 10 minutes at 250 F, 
however, results in a recovery of only 50 percent of the original activity. 
At 500 F environmental temperature, exposure to the hydrogen environment 
for 10 minutes resulted in essentially complete recovery of original 
catalyst activity, and at a reactivation temperature level of 1000 F, 
subjection of the catalyst to the hydrogen environment for 10 minutes 
has the effect of enhancing relative activity to a level approximately 
30-percent greater than that of the original vendor catalyst. A similar 
exposure to dry air at 1000 F for 10 minutes resulted in an enhancement 
of relative.activity to a level approximately 15-percent greater than 
that of the original catalyst. These results refute the previously con- 
sidered possibly irreversible deactivation caused by the promotion of 
catalyst crystal growth by moisture contamination, and indicate the 
possibilj.ty of a deactivation mechanism in which a material is strongly 
adsorbed on the surface of the catalyst. The specific nature of the 
adsorbed material is unknown, but it is significant that it is preferen- 
tially.desorbed in the presence of nitrogen or hydrogen. From the results 
lk ROCKETDYNE A  D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C .  
presented in Table 10, it is evident that the effect of hydrogen on 
relative activity recovery or enhancement is greater than that of nitrogen, 
but that the effect of pretreatment temperature is much more pronounced. 
REACTOR CONFIGURATION OPTIMIZATION 
Concurrently with the catalyst reactivation efforts, activity was in- 
itiated for evaluating the effects of reactor configuration on reaction 
characteristics with liquid propellants. The objective of this program 
subtask was to optimize the reactor configuration and thereby maximize 
the benefits of whatever activity the catalyst may have. This con- 
figuration optimization was conducted with the partially deactivated 
catalyst pending delivery of new catalyst from the vendor. A total of 
68 experimental runs was conducted during the configuration analysis. 
Of these, 47 runs produced ignition, 7 failed because of a facility 
malfunction, 5 resulted in no ignition because of gross catalyst damage 
in the previous run, and the remaining 9 either produced no ignition 
or were aborted after a nominally l-second delay to eliminate the possi- 
bility of hardware damage caused by excessive pressure surges resulting 
from ignition of accumulated unburned propellants. A summary presen- 
tation of the results of these runs is given in Table 11. 
Initial effort was directed toward optimization of the mixing zone length 
between the point of propellant impingement and the catalyst bed and 
toward minimization of catalyst bed thermal damage caused by inadequate 
mixture ratio distribution, and of propellant channeling along the 
reactor walls. Because of the potential expense of instrument replacement 
and the possibility of reactor damage caused by excessive chamber tem- 
peratures and/or pressures, this phase was conducted in sparsely 
instrumented hardware, the reactor instrumentation consisting of cham- 
ber temperature and pressure measurement devices. 
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The indicated runs were conducted under a variety of conditions, as 
discussed in the following paragraphs. In general, propellant flowrate 
was targeted at 0.16 lb/sec, and mixture ratio at 1: 1. In many of the runs, 
neither propellant flowrate nor mixture ratio remained constant during the 
run duration. This flowxate instability during certain runs resulted from 
catalyst bed damage during the ignition transient. In some instances, 
the catalyst bed became a fused mass, obstructed flow, and increased 
pressure drop through the catalyst bed, thereby changing the pressure 
differential available for driving propellant to the reactor. This 
change in motive differential pressure resulted in a corresponding change 
in f lowrate. Because the propellant (oxygen and hydrogen) system 
pressure drops are not balanced, changes in motive differential pressures 
resulted in changes in mixture ratio. In other instances, the catalyst 
bed was burned out of the reactor. The resulting loss in pressure drop 
resulted in an increase in propellant flowrate and an associated shift 
in mixture ratio. The predominant cause of flowrate instability, however, 
appeared to result from difficulties in delivering pure liquid oxygen 
to the catalyst bed in a stable manner. During all runs, a hydrogen 
lead was used. This hydrogen lead was of such a duration (2 seconds) 
that liquid hydrogen delivery to the catalyst bed was assured prior.to 
the introduction of oxygen. Oxidizer flowrate instabilities invariably 
resulted in catalyst bed damage. 
In conducting the configuration analyses, it was necessary to bear in 
mind the thermodynamic and kinetic limitations imposed by the use of 
liquid hydrogen/liquid oxygen in these types of reactors. As indicated 
earlier, an equilibrium energy balance for a liquid hydrogen/liquid 
oxygen system operating at a mixture ratio of 1:l shows that the liquid 
oxygen will be in a frozen state, a condition which cannot be expected 
to induce ignition in a catalytic system. Further, if the liquid oxygen 
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droplets are in a subcooled state with little liquid heat content left 
when they begin to enter the bed, the bed itself will result in an 
oxidizer frozen condition. The problem of promoting catalytic ignition 
in a liquid hydrogen/liquid oxygen system for a given catalyst is then 
reduced to one of controlling the kinetics of the heat and mass transfer 
processes of the liquid hydrogen/liquid oxygen mixture as it progresses 
towards and into the catalyst bed. It is recognized that to do this only 
the heat content of the oxidizer is available as a working tool if the 
mixture ratio is to be rigidly retained. In essence, what is required is 
a mixing zone length and oxidizer droplet distribution which is com- 
patible with having sufficient oxidizer heat capacity available to raise 
the catalyst bed temperature to an acceptable level to promote ignition. 
Mixing Zone Length Optimization 
With this in mind, the initial mixing zone length was selected as 1.0 
inch. With this configuration, two runs (14 and 15) were conducted. Each 
run produced an ignition, but resulted in moderate catalyst bed damage 
and a mild pressure surge. Subsequently, the mixing zone length was 
reduced to 1/2 inch. Two successful ignition runs (16 and 17) were con- 
ducted with this configuration, and inspection of the catalyst bed after 
the runs indicated severe catalyst burning as a result of inadequate 
mixture ratio distribution. It was then concluded that 1/2 inch was too 
short, and the mixing zone length was increased to 3/4 inch. Catalyst 
damage caused by inadequate mixture ratio distribution did not appear 
to be excessively severe at this mixing zone length, and there was no 
evidence of pressure surging occurring during run termination. Consequently, 
it was tentatively concluded that 3/4 inch represented a near optimum 
mixing zone length between the injector and the catalyst bed. Problems 
of catalyst bed damage caused by propellant flowrate instabilities and of 
possible propellant channeling along the reactor walls remained, however. 
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Reactor Geometry Optimization 
To minimize the effects of propellant channeling, flow constrictors were 
installed at 1-inch intervals along the catalyst bed length. These con- 
strictors extended 1/8 inch (one pellet diameter) into the catalyst 
bed and served to redirect the flow path of channeling propellants into 
the catalyst bed, thereby improving contact efficiency between the catalyst 
and the propellants. 
Concurrently with the installation of the constrictor rings in the 
catalyst bed, an attempt was made to further minimize catalyst bed burn- 
ing as a result of inadequate mixture ratio distribution and to modify 
propellant flowrate instabilities. This effort consisted of mixing 
approximately 50-percent inert alumina with the ca.ta1ys-L in the upstream 
inch of reactor space nearest the injector. In theory, this would serve 
to pilot the combustion reaction and to better distribute propellant 
flow through the remainder of the catalyst bed. In practice, a definite 
advantage was observed. During the first two runs (18 and 19) conducted 
with this configuration, ignition occurred at a low combustion temperature 
but was not sustained. Further analysis of these runs indicated that 
the flame front moved out of the reactor (blow-out) . 
The next series of runs, conducted with the same chamber and admixed 
catalyst bed configuration, consisted of eight runs. The cata.lyst was 
preburned for approximately 2 minutes at 500 F to reduce any oxide layer 
from the catalytic metals. Following this, two runs (20 and 21) were 
conducted which resulted in no ignition, later established to be caused 
by excessively low mixture ratio (dut to two-phase oxidizer flow rather than 
all liquid), which undoubtedly resulted in the oxygen freezing. The next 
six runs resulted in stable ignition. The first of these six runs (22) 
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was conducted at a temperature of approximately 1400 F, corresponding to 
a mixture ratio of approximtely 1.0. The remaining five runs (23 through 
27 )  resulted in chamber temperatures in excess of 2280 F. Because the 
catalyst bed as such was not instrumented, the temperature level reached 
by the catalyst bed is not known. At the conclusion of the final run, 
however, the catalyst bed was severely burned, and approximately half of 
the catalyst was lost from the reaction chamber. 
Following these moderately successful runs, four attempted runs were 
conducted with the same configuration, but with a new charge of the 6- 
month-old catalyst. For a combination of reasons, these runs were 
unsuccessful. A facility valve malfunction resulted in a grossly reduced 
oxygen delivery to the reactor, This situation was corrected, and the 
fifth run of the series resulted in a stable ignition with a steady-state 
chamber temperature in excess of 2200 F. Ignition was smooth, and 
appeared to propagate toward a steady-state condition. However, as the 
reaction proceeded, oxidizer flowrate a.gain began to cycle. The result 
was a cycling chamber temperature and pressure, which resulted in the 
catalyst bed being destroyed. 
The next run (28) was conducted with a 3/4-inch-long mixing zone length 
with constrictor rings located at 1-inch intervals through the length of 
the catalyst bed. The catalyst used during this run was preburned in a 
fuel-rich environment at 800 F for 2 minutes prior to use. A stable 
ignition propagated uniformly to a steady-state condition. The flowrate 
was approximately half the target value (0.16 lb/sec) . The rate of 
approach to steady-state was extremely low, and required nearly 10 seconds 
to reach a stable temperature. Reaction occurred near the injector face 
and required a longer time to heat the catalyst bed and reactor walls to 
a steady-state temperature because of the reduced flowrate. 
ROCKETDYNE A  D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C  
Cata.lyst Life Studies With Optimum Reactor Configuration 
The next eleven runs (29 through 39) were conducted with a single catalyst 
charge. The 11 indicated runs were conducted in a reactor configuration 
consisting of a 3/4-inch mixing zone between the injector face and the 
catalyst bed (1/2 inch between the point of reactant impingement and the 
catalyst bed), a 4-inch long catalyst bed with antichanneling rings 
spaced at 1-inch intervals beginning after the first inch of catalyst and 
extending 1/8 inch into the bed, and a volume downstream of the catalyst 
bed equivalent to a characteristic chamber length of approximately 25 
(throat diameter = 0.5 inch). The catalyst was preburned at approximately 
800 F for 5 minutes prior to initiation of run 29. The first four runs 
(29 through 32) were ignitions of cold gaseous oxygen with liquid hydrogen, 
and resulted in flame temperatures from 280 to 482 F. It is interesting 
to note at this point that the volumetric metering system used during this 
task indicated the flow of sufficient oxygen to produce mixture ratios 
of approximately 1.1 (o/f), with flame temperatures on the order of 
1400 F. A theoretical analysis showed that gaseous oxygen at the 
temperature and pressure existing at the fluid metering device (turbine 
f lowmeter) has a density of approximately 7.0 lb/cu ft. On this basis, 
the mass flowrate for liquid oxygen as compared to that of saturated 
gaseous oxygen at 400 psia, would be equal to d71/7 or 3.16 times as 
high. It is significant that the combustion chamber temperatures indicated 
in Table 9 for runs 29 through 32 are consistent with mixture ratios 
roughly equal to the apparent 1.1 divided by 3.16, the square root of 
the indicated liquid o~~~en/~aseous xygen density ratio, thereby con- 
firming the ignition of liquid hydrogen with saturated gaseous oxygen. 
The remaining seven runs (33 through 39) were conducted with liquid 
reactants and resulted in combustion chamber temperatures of approxi- 
mately 1500 F. During the termination of the eleventh run, a chamber 
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temperature surge occurred which resulted in the loss of much of the 
catalyst from the reactor. This temperature surge was caused by a partial 
loss of hydrogen flow caused by a leak which occurred at the main valve. 
The resulting mixture ratio shift produced an excessive temperature in 
the catalyst bed and caused a catalyst bed burn-out. No major damage 
was sustained by the reactor, however. 
CATALYST LIFE EVALUATIONS 
Following completion of the above runs, a quantity of fresh, "zero storage," 
I 
Engelhard MFSA catalyst was placed in an instrumented reactor of the type 
shown in Fig. 5 through 7, and experimentally tested for evaluation 
of catalyst life characteristics under conditions similar to those in 
runs 33 through 39. The results of six successful runs on a single 
catalyst sample are presented as runs 40 through 45 in Table 9 . Figure 25 
illustrates the manner in which a typical temperature profile through 
the catalyst bed exists. It is noted that the temperature in the front 
portion of the bed is low, and that temperature increases with distance 
from the injector. 
The reactor configuration used during this series of runs consisted of a 
3/4-inch mixing zone length, a 4-inch-long catalyst bed with constrictor 
rings extending 1/8 inch into the catalyst bed at intervals of 1, 2, and 
3 inches from the front of the catalyst bed, and a combustion zone down- 
stream of the catalyst bed equivalent to a characteristic chamber length 
of 25 inches. 
Each of the six runs (40 through 45) produced satisfactory ignitions. The 
only difficulty encountered was the "icing" of the tube leading to the 
chamber pressure transducer, resulting in the loss of the chamber pressure 
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measurement. Three of the runs (41, 44, and 45) resulted in chamber 
temperatures of near 2000 F, and undoubtedly caused some damage. The 
extent of the damage was rendered indeterminate by the fact that during 
run termination following run 45, an internal explosion blew the catalyst 
from the reactor. No apparent damage was sustained by the reactor, how- 
ever, and the runs were continued with a new sample of catalyst. 
The next series of runs was conducted with the Sundstrand catalyst under 
conditions nearly identical to those used in runs 40 through 45. Prior 
to the runs, attempts were made to preburn this sample with fuel-rich 
gaseous reactants. Considerable difficulty was encountered in obtaining 
an ignition of these ambient temperature gaseous reactants. After attempt- 
ing a variety of start conditions, ranging from fuel-rich to simultaneous 
fuel/oxidizer injection, an ignition was accomplished. The catalyst 
was then preburned in a hydrogen-rich environment for 5 minutes at 1100 F 
prior to the runs with liquid phase reactants. 
~ollowin~ the preburning operation with gaseous reactants, three successive 
runs (46, 47, and 48) were conducted with liquid phase reactants at a 
mixture ratio of nominally 1.1 (oxidizer/fuel) in a -400 F environment 
without ignition. A chamber pressure surge occurred during shutdown after 
the third run, and blew the catalyst out of the chamber. The pressure 
surge undoubtedly resulted from ignition of accumulated oxygen and hydrogen 
as the reactants warmed up following the run, thus indicating that this 
catalyst will promote the reaction under some environments. 
Because from a theoretical consideration the Sundstrand catalyst should 
be active in promoting the liquid oxygen/liquid hydrogen reaction, some 
qualification of the results is appropria.te. The Sundstrand catalyst 
was provided in the form of a nominal 5/16-inch-diameter sphere. This 
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catalyst, under the most optimum conditions, should be evaluated in a 
reactor having a minimum inside diameter of 2.5 inches, because the 
generally acceptable criteria'of optimum reactor design require that 
the ratio of catalyst bed diameter-to-catalyst pellet diameter be equal 
to a value of 8 or larger. At lower diameter ratios, propellant 
"channeling" along the walls and through the catalyst bed without con- 
tacting the catalyst becomes excessively large and contributes to grossly 
reduced efficiencies (because of reduced stay times). During the 
experiments conducted and reported herein, the reactor diameter was 
1.5 inches. This corresponds to a diameter ratio of less than 5.0. While 
antichanneling rings extending 1/8 inch from the wall into the reactor 
were used in an effort to minimize channeling along the walls, it is 
considered entirely possible that channeling through the interstices of 
the bed may have been excessively high and resulted in ignition failures. 
Following the experiments with the Sundstrand catalyst, a fresh sample 
of the "zero storage" MFSA was placed in the reactor with the same con- 
figuration reported for runs 40 through 45. This material was preburned 
at 1000 F for 2 minutes in fuel-rich reactants, and subjected to an 
experimental evaluation (run 49) with liquid-phase reactants. During 
this run, severe flowrate cycling developed, inducing temperature and 
chamber pressure cycling. The effects of such cycling on the various 
temperatures within the catalyst bed are presented in Fig. 26. It is 
noted that the cycling from thermocouple-to-thermocouple is slightly out 
of phase, illustrating the movement of temperature fronts through the 
catalyst bed. 
Following run 49, a final attempt was made to conduct a similar run with 
the same catalyst. However, when the fuel main valve opened to initiate 
the nominal 2-second liquid hydrogen lead, the reactor suffered an 
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internal explosion of sufficient magnitude to tear the reactor from the 
thrust mount and to rupture the reactor wall. As a result, the catalyst 
life studies were terminated. 
EFFECTS OF STORAGE ENVIRONMENT ON ACTIVITY 
To evaluate the effects of various catalyst storage environments on 
catalyst a.ctivity, a brief program was undertaken concurrently with the 
catalyst life studies. Samples of "zero storage" MFSA catalyst were 
subjected to the following: 
1. Exposure for 1 month to normal daily atmospheric changes 
(i.e., 40 < T <75 F, 10-percent < RH < 90-percent relative 
humidity) 
2. Exposure in an oxygen-rich atmosphere at a controlled temperature 
of approximately 150 F for 1 week and 1 month 
3. Exposure to complete water soaking after thorough evacuation 
4.  Exposure to controlled dry storage for 1 month 
5. Exposure to normal daily variations in temperature, but at a 
controlled 100-percent relative humidity for 1 month 
The results of the five treatments are presented in Table 11. The new 
vendor catalyst had a relative activity at an environmental temperature 
of -320 F, under the conditions defined in Table 11, of 48.8 percent. 
When exposed to normal daily environmental storage for 1 month in a con- 
tainer open to the atmosphere, the relative activity showed a surprising 
4-percent increase (to 52.4). These results most probably reflect non- 
representative sampling rather than an actual enhancement in catalytic 
activity. After exposure to an oxygen-enriched atmosphere at a temperature 
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of approximately 150 F for 1 week, the relative activity was 44.2 percent; 
whereas a separate sample exposed to a similar treatment for 1 month had 
a relative activity of 55.0 percent. On the basis of the apparently 
contradictory results, it is considered that the differences in relative 
activity between the original sample and the treated samples are the 
results primarily of nonrepresentative sampling. 
The results presented for the catalytic activity of a sample of the MFSA 
catalyst exposed to complete immersion in water following subjection 
to an evacuated system (43.7 percent) indicates that short-duration soaking 
in water has little detrimental effect on relative catalyst activity. 
However, when subjected to normal daily variations in temperature, but 
in a controlled 100-percent relative humidity for 1 month, a similar 
catalyst sample showed an activity loss to 36.0 percent. The final 
catalyst sample was subjected to controlled dry storage conditions for 
1 month. An evaluation of the relative activity of this catalyst indicated 
an activity level of 47.1 percent, demonstrating no loss in activity 
under these conditions, 
It is significant that only one of the catalysts evaluated during the 
storage environment tests showed an appreciable loss of activity. This 
sample, when analyzed after exposure to moisture at ambient temperature 
for one month, tends to confirm the possible theoretically predicted loss 
in activity caused by noble-metal crystal growth. It must be noted, 
however, that the treatments described are representative only of 
accelerated storage, and may not necessarily be representative of actual 
effects of long-term storage. There are no direct scaling data by which 
to compare and extrapolate the accelerated storage effects. Consequently, 
only inferences can be drawn from the experfments. In short, these 
accelerated storage experiments indicate only that moisture exposure for 
extended periodsof time probably results in catalytic activity degradation; 
however, the degradation does not appear to be irreversible. 
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PARAMETRIC ENGINE WALUATI ONS 
Following completion of t h e  c a t a l y s t  s tud ies  i n  the  1.5-inch-diameter 
r e a c t o r ,  t h e  program t a s k  designed t o  evaluate the  use of a  c a t a l y t i c  
r eac to r  a s  an i g n i t i o n  source i n  a  sca lab le  (- 14,000-pound-thrust) 
l i q u i d  oxygen/liquid hydrogen engine was i n i t i a t e d .  This program t a s k  
was divided i n t o  two phases, the  f i r s t  designed t o  evaluate t h e  e f f e c t s  
of large-engine parameter variakions on i g n i t i o n  delay time under con- 
d i t i o n s  of constant  engine operat ion,  both a s  a  primary propulsion system 
and a s  a gas generator .  
I n  conducting t h e  experlmental evaluat ions,  each run was performed, 
then repeated f o r  v e r i f i c a t i o n .  The run summary i s  presented i n  Table 12 
i n  groups of two runs each. The second run i n  each fnstance is  the  
ve r i fy ing  run. 
From the  r e s u l t s  of t h i s  program t a s k ,  previously presented,  it is 
apparent t h a t  t h e  c a t a l y t i c  i g n i t e r  can be used successful ly  f o r  i g n i t i o n  
of l iqu id  oxygen/liquid hydrogen rocket engines. Ign i t ion  delay times 
a r e  c h a r a c t e r i s t i c a l l y  on t h e  order  of 30 t o  50 mil l iseconds f o r  t h e  
la rge  engine, with attainment of s teady-state pressure within 300 m i l l i -  
seconds a f t e r  in t roduct ion  of l iqu id  oxygen. During c e r t a i n  of the  runs,  
those involving l iqu id  p rope l l an t s  i n  the  la rge  engine a t  mixture r a t i o s  
on t h e  order  of 1.5 (o/f) ,  i g n i t i o n  was not smooth. This i s  probably 
c h a r a c t e r i s t i c  of attempted i g n i t i o n  of only marginally flammable oxidizer/  
f u e l  blends. Because the  flammability l i m i t  f o r  the  nominally -400 I? 
blend of l iqu id  oxygen and l iqu id  hydrogen corresponds t o  a  mixture r a t i o  
of approximately 1.3 (o/f ) any inconsis tencies  i n  mixture r a t i o  d i s t r i b u -  
t i o n  could r e s u l t  i n  "flame out" o r  r eac t ion  quenching. Under condit ions 
wherein t h e  propel lant  mixture r a t i o  was maintained a t  a  l e v e l  near  5.5 
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(o/f)  such quenching d id  not  occur .  While no d a t a  were obtained f o r  
i g n i t i o n  of in te rmedia te  mixture r a t i o  b lends ,  it i s  considered t h a t  
i g n i t i o n  b lends  r i c h e r  i n  oxygen than  t h e  marginal ly  combustible b l ends  
would e x h i b i t  no problems of i g n i t i o n  i n s t a b i l i t y .  
A very s i g n i f i c a n t  aspec t  of t h e  large-engine i g n i t i o n  s t u d i e s  i s  t h e  
f a c t  t h a t  such l a rge - sca l e  l i q u i d  oxygen/liquid hydrogen engines can be 
s t a b l y  i g n i t e d  under condi t ions  wherein t h e  r a t i o  of engine t o  i g n i t e r  
t h r u s t  l e v e l ,  and hence a  measure of energy r a t i o ,  i s  a s  high a s  1000: l  
( runs  17 and 14 of Table 12 ) .  This  corresponds t o  engine opera t ion  dur- 
i n g  which only 0 .1  percent  of t h e  main engine p r o p e l l a n t s  a r e  passed 
through t h e  i g n i t e r .  Based on information c u r r e n t l y  a v a i l a b l e ,  t h i s  i s  
cons iderably  l e s s  t han  i s  being used i n  present-day l a r g e  l i q u i d  oxygen/ 
l i q u i d  hydrogen engines.  
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DISCUSSION OF RESULTS 
The r e s u l t s  of t h i s  program have provided design information on cakalyt ic  
i g n i t e r s  which i s  described i n  terms of bas ic  i g n i t i o n  phenomena. Among 
these  a r e  t h e  phenomena of flashback and propellant  flammability i n  
c a t a l y t i c  r eac to r s ,  c a t a l y t i c  r eac to r  response and s t a b i l i t y ,  c a t a l y s t  
l i f e  and r e l a t i v e  a c t i v i t y ,  c a t a l y t i c  r eac to r  design and sca l ing  c r i t e r i a ,  
and the  i g n i t i o n  c h a r a c t e r i s t i c s  of ca ta ly t i ca l ly - ign i t ed  l iqu id  oxygen/ 
l i q u i d  hydrogen engines. A discussion of the  experimental r e s u l t s  i s  
presented i n  the  following paragraphs. 
F W  YELOCITIES AND FLAMMAElILITY 
A number of i n t e r e s t i n g  runs has been obtained during t h e  c a t a l y t i c  
i g n i t i o n  experiments of t h i s  program a s  we l l  a s  the previous program 
( ~ e f  . 3 ) i n  which t h e  phenomenon of flashback occurred, It has  been 
hypothesized i n  t h e  t h e o r e t i c a l  developments of t h i s  r epor t  t h a t  t h e  
flashback phenomenon i n  which damaging flashback through t h e  bed t o  
t h e  i n j e c t o r  can be prevented i f  t h e  l o c a l  throughput v e l o c i t i e s  a r e  
considerably greater  than those given f o r  the  turbulent  flame speeds 
i n  Fig.  27 and 28. Calculated turbulent  flame speeds a t  these  tempera.tures 
a r e :  
'77 = 110 f t / sec  
For 1-inch-diameter beds, the  minimum average v e l o c i t i e s  f o r  minimum 
gaseous f lowrate runs of -- 0.01 lb/sec f o r  the  above t h r e e  temperature 
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conditions are  on t h e  order of 21, 7.4 and 2.1 f t / sec  respect ively ,  a l l  
of which are below t h e  turbulent  flame v e l o c i t i e s .  On re-examination 
of the  data  i n  Ref. 3 it was noted t h a t  a t  ambient temperatures there  
were only a few flashbacks observed. However, a t  -250 F flashbacks were 
more predominatly encountered a t  reduced f lowrates.  The most probable 
explanation f o r  f lashbacks not  being observed on a l l  of the  reduced 
(< 0.01 lb/sec) f lowrate runs i s  associated with the  a x i a l  momentum 
d i s t r i b u t i o n  of t h e  mixed j e t  streams. 
It i s  recognized t h a t  when t h e  propel lant  j e t s  en te r  a  flow a rea  of 
cross-section much l a r g e r  than the j  e t  cross-section they cannot 
immediately a d j u s t  t o  the  new flow area.  Fur the r ,  t h i s  adjustment 
requires  some length of flow before ac tua l  adjustment does take  place. 
The i d e a l  average v e l o c i t y  j u s t  downstream of the  point  of impingement 
f o r  impinging j e t s  may be determined i n  t h e  following mnner .  A momentum 
balance f o r  a x i a l  v e l o c i t i e s  on such j e t s  ( 4 : l  or 2 : l )  y i e l d s  f o r  t h e  
a x i a l  ve loc i ty :  
For mixture r a t i o s  of 1:l 
Typical hydrogen v e l o c i t i e s  a r e  on the  order of 1000 f t / sec  and the  
l i q u i d  oxidizer  v e l o c i t y  is on the  order of 60 f t / sec .  For a 8 of 60 
degrees, 5 i s  then on t h e  order of 500 f t / sec .  Recent cold-flow 
i n j e c t o r  s tud ies  a t  Rocketdyne have shown a t  a  d is tance  of 4 t o  5 
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impingement lengths off the injector face the velocity will be on the 
order of 1/10 the theoretical velocity, or in this case -50 ft/sec, a 
value very close to the flashback condition. Four to five impingement 
lengths nearly equals the usually used (3/4 to 1 inch) upstream mixing zone. 
In Ref. 3, it was found that linear mean throughput velocities had to 
exceed -12 ft/sec to prevent flashback for liquid injection of both 
propellants. A similar momentum analysis in these cases shows a velocity 
on the order of 15 ft/sec, a value again close to the flashback. These 
values, as well as the gaseous results, are quite close to the flame 
velocities for the low flowrates. Further, any slight misimpingement 
could result in velocities less than the flame limits. 
Using these requirements, the design of the mixer and mixing zone should 
provide satisfactory operation. 
CATALYST-LIMITING TEm'mTUILFX 
The results of Ref. 3 and this program fairly well confirm that the 
alumina-base noble-metal catalysts can be operated in a repeated manner 
at temperatures up to -1500 F. Beyond this point the catalysts being 
to sinter and degrade in activity. 
REACTOR RESPONSE 
As has been predicted by the theoretical results, the primary response 
factor in the use of a catalyst bed appears to be the thermal response. 
Examination of the data of Ref. 3 and thiq study for cold initial beds 
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shows t h a t  the  response of a  c a t a l y t i c  reactor  i n  terms of pressure 
buildup follow the  predicted time constants. Typical runs a re  shown i n  
Fig. 29 f o r  cases where flashback did not occur. The calculated time 
constants  a re  a l s o  indicated on t h e  curves. The ac tua l  times a r e  a 
l i t t l e  longer, ind ica t ing  t h a t  o ther  heat  losses  a r e  undoubtedly occur- 
r ing .  In Ref. 3, it was found t h a t  the  use of contact  r e s i s t ance  hea t  
b a r r i e r s  of t h i n  metal f o i l  could almost completely el iminate extraneous 
hea t  losses  with the  r e s u l t  t h a t  t h e  calculated time constants  almost 
i d e n t i c a l l y  match the  predicted r e s u l t s .  It i s  of i n t e r e s t  t h a t  the  
c a t a l y t i c  bed a c t s  as  a  " l inea r"  thermal system, i n  t h a t  i r r espec t ive  of 
what the  i n i t i a l  bed temperature i s ,  the  time constant remains nea r ly  
constant  f o r  the  given system; and apparently t h e  simple assumed thermal 
model i s  adequate when the  c a t a l y t i c  a c t i v i t y  i s  high enough t o  promote 
the  react ion t o  completion i n  a given bed. 
CATALYTIC REACTOR STABILITY 
This c h a r a c t e r i s t i c  of the  c a t a l y s t  bed i s  most important. Analytical  
r e s u l t s  discussed l a t e r  ( h e r a l l  Ca ta ly t i c  Bed s t a b i l i t y )  show a re la t ion-  
ship  of the  form 
This equation has th ree  so lu t ions ,  and predic ts  t h e  p o s s i b i l i t y  of e i t h e r  
one o r  th ree  steady-state flow and chemical react ion conditions. A 
l a rge  amount of the  gaseous phase reac t ion  d a t a  i n  Ref. 3 was re-examined 
t o  determine i f  i n  f a c t  such i n s t a b i l i t i e s  had occurred. The check of 
t h i s  i s  obtained i n  examining some of the  temperature d a t a  f o r  a  number 
of runs. During most of these  runs there  were th ree  thermocouples i n  
a 3- t o  4-inch bed. As  a  measure of i n s t a b i l i t y ,  an a r b i t r a r y  temperature 
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of 400 Fwas  se lec ted  a s  a d iv iding point.  I n  Fig. 30 the  r e s u l t s  f o r  a 
large  number of runs f o r  flowrate agains t  thermocouple locat ion f o r  t h e  
MFSS c a t a l y s t s  a re  plot ted.  The crosses a re  indicated f o r  the  furthermost 
upstream thermocouple reading i n  excess of 400 F i n  the  apparent s teady 
s t a t e .  
These runs were a t  i n i t i a l  temperatures of -250 F. It i s  observed t h a t  
t h e  400 F points  occur i n  a random manner a s  a function of flowrate. 
Since flows were maintained completely s teady and there  were no c a t a l y s t  
degradation e f f e c t s ,  it may be concluded t h a t  c e r t a i n l y  some form of 
steady-state i n s t a b i l i t y  has occurred during these  runs. This i s  important 
because the  minimum bed length must be such as  t o  accommodate these  
i n s t a b i l i t i e s  and s t i l l  ensure t h a t  overa l l  repeatable i g n i t i o n  w i l l  occur. 
The l iquid  runs have, a s  a whole, cont inual ly  resul ted  i n  d i f f i c u l t i e s  i n  
maintaining steady s t a t e s  without flow v a r i a t i o n s  occurring. These flow 
var ia t ions  have resu l t ed  almost invar iab ly  i n  c a t a l y s t  bed f a i l u r e s  of 
one s o r t  or another. It i s  f e l t  t h a t  these  r e s u l t s ,  coupled wi th  t h e  
predic t ion of the  bo i l ing  s t a b i l i t y  model t h a t  the  l iquid  hydrogen runs 
w i l l  be extremely sens i t ive  t o  small per turbat ions ,  show t h a t  a g r e a t  
d e a l  of e f f o r t  i s  s t i l l  required i f  c a t a l y t i c  i g n i t i o n  of l iqu id  hydrogen1 
l iquid  oxygen propel lants  it t o  be ca r r i ed  out i n  a s t a b l e  manner. 
CATALYST LIFE 
The environmental runs a t  -400 F had o r i g i n a l l y  been designed t o  provide 
a measure of c a t a l y s t  r e s i s t ance  t o  thermal cycling degradation e f f e c t s .  
Because of f lowrate i n s t a b i l i t i e s  encountered during the attempts t o  
maintain overa l l  control  t o  steady s t a t e ,  it was not  possible t o  obta in  
a l a rge  number of cycles from which quan t i t a t ive  data  could be ext rac ted  
t o  determine e f f e c t i v e  bed a c t i v i t y  loss .  The longest s e t  of cycles was 
11. Fkamination of the  temperature d a t a  from these  runs shows t h a t  no 
two runs were ever i d e n t i c a l ,  and t h a t  the  measured temperatures were 
varying widely even wi th in  t h e  same run. 
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A very definite measure of catalyst life can be obtained from the data of 
Ref. 2, 3, and 6. In Ref. 2 the longest series of attempted runs to 
steady state was 19 on MFSS catalyst from a cold bed at -250 F heated to 
1500 F. These runs were not cycled in general; however, they were succes- 
sive shots, and the catalyst was behaving during the nineteenth run in 
the same manner as during the first run for the selected run sequence of 
hydrogen leads and hydrogen lags on shut down. In Ref. 3 , a series of 
69 runs was performed with ME'SS catalyst at environmental starting tem- 
peratures of -250 F. In Ref. 6 , where blends of hydrogen/oxygen/ 
nitrogen were evaluated, where the hydrogen/oxygen ratio was stoichio- 
metric, pulse mode work was conducted with pulse lenyfhs varying from 
20 to 40 milliseconds and dead times of 20 to 285 milliseconds for cold 
beds, moderately warm beds (-200 to 500 I?) and hot beds (1000 to 1200 F). 
The maximum number of pulses under each one of these conditions was in 
excess of 1500 and the catalyst was still performing in a completely 
repeatable manner at the end pulses, indicating that when the mixture 
ratio and flowrates can be controlled, the catalyst will provide a 
reliable ignition technique. 
CATALYTIC ACTIVITY 
It has been indicated earlier that there is presently no way to determine 
the actual chemical activity level for the catalyst bed. The relative 
activity ratings serve to rank the catalysts in an order which reflects 
some manner of overall chemica.1 activity. The oxygen/hydrogen reactant 
combination is representative of a chemical system having well-defined 
flammability limits, but only moderately defined autoignition temperatures. 
The ca.talytic oxygen/hydrogen system, because of inherent thermal 
limitations of the catalysts employed, is forced to operate within the 
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range indicated in Fig. 31 to be nonflammable. In order for the oxggen/ 
hydrogen reaction to be self-sustaining, it is necessary that the gas tem- 
perature be raised above the diagonal line and then to the autoignition 
limit. This increase in gas temperature comes about as a result of two 
phenomena, thermal energy release to the system by the heat of chemical 
adsorption of hydrogen on the catalytic surface, and the heat of reaction 
of o w n  and hydrogen in the vicinity of the catalyst. On this basis, 
it is apparent that for any given environmental temperature and reactant 
flowrate, a certain minimum catalyst bed mass is required. This minimum 
catalyst bed can be determined experimentally; however, to minimize the 
cost of experimentation over the entire range of catalytic reactor sizes 
and environmental temperatures, it is essential that some correlation be 
developed relating reactant flowrate and environmental temperature to 
minimum catalyst mass and ultimately to chemical activity level. For a 
conventional tubular reactor, catalyst mass can be expressed in terms of 
catalyst bed length. The minimum catalyst bed length can therefore be 
defined as the length at which the reactants and reaction products reach 
the autoignition temperature for the specific mixture. This minimum 
catalyst bed length is a function of chemical activity which is also a 
function of the preignition environmental temperature. Ekperimentally, 
the relative activity changes with environmental temperature have been 
defined in laboratory apparatus and the results were presented earlier. 
Because the relative activity does not change in a linear manner with 
environmental temperature, it is convenient to develop some sort of 
analytical scaling criteria to relate the specific change in activity to 
environmental temperature. Using a value designated as as a measure 
of the specific reactant conversion per unit of bed length, an empirical 
relationship may be developed to indicate the manner of change of a with 
respect to distance through the catalyst bed, because temperature is in 
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some manner proportional to catalyst bed length. The equation indicating 
the relationship between reaction rate and temperature is 
Beoause the percent conversion in an actual bed, a, is proportional to K 
for an incremental catalyst bed length, Eq. 3 may be rewritten as 
This conversion must be related to relative activity in some manner and 
Eq. 4 may then be reduced in terms of the laboratory relative activity 
conversion percentages. 
t AE 
~n(~ercent conversion) = .&cl1' + n &nT - - RT 
11 
Using the data presented in Table 13, values for C1 , a measure of the 
molecular collision frequency and the fraction of molecular collisions 
between molecules having sufficient energy to react, n', a measure of 
AE the manner of change in conversion level with temperature and J(-ii-) , a 
function of .the activation energy for the catalytic reaction have been 
calculated for selected catalysts and are presented in Table 13. It is 
seen that each catalyst has a unique set of constants, and that the 
effective activation energy varies over a wide range from catalyst t, 
catalyst. The precise meaning of this information is still under in- 
vestigation; however, certain operations pn the data can now be made for 
!I II 
extrapolation purposes. Because the values C1 and % are constant for 
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a given catalyst, the effect of temperature, and hence of catalyst bed 
position, on reaction promotion relative to some base value may be 
presented as 
The precise manner of evaluation of €2 has not been well defined; however, 
the relationship presented in Eq. 6 enables direct prediction of relative 
activity over a range of environmental temperatures for a given catalyst 
operating at a constant reactant/catalyst mass ratio. 
It is also of interest as to what m i n i m  relative activity measurement 
may be acceptable to operating a catalyst bed. As demonstrated in this 
program extremely low activity levels (-10 percent) will still promote 
ignition of the liquid hydrogen/liquid oxygen system. For gases, no 
specific effort along these lines has been carried out; however, it is 
suspected that a level of 10 to 20 percent is the lower limit at which 
ignition can still be achieved in a minimum length catalyst bed. It must 
be recognized that because the hydrogen/oxygen system is spontaneously 
unstable thatvery low activity levels may be used to induce reaction, 
provided the bed is long enough and time of ignition is not of concern. 
LIQUID PROPELLANTS REACTOR SCALING 
On the basis of the data obtained during this program and in Ref. 3 , it 
is not possible to arrive at firm overall scaling criteria for catalytic 
ignition of liquid oxygen/liquid hydrogen propellants. It is possible, 
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however, to arrive at the conclusion that flashback with its associated 
pressure surging and burnout characteristics can be eliminated by satisfying 
some minimum propellant mixing zone flow velocities as determined simply 
through a consideration of flame velocity being about 3 to 5 ft/sec at 
-400 F and designing this zone for a 12 to 15 ft/sec mean velocity (at 
-400 F). This can be readily accomplished either by contouring the 
mixing zone or by packing this zone with some inert material to reduce 
open cross-sectional area and thereby increase propellant linear velocity. 
It is also possible to conclude, from a consideration of the kinetics of 
heat and mass transfer on the liquid oxygen droplets in the mixing zone, 
that the energy of these droplets may be used to raise the temperature of 
the catalyst bed at the injector end of the reactor sufficiently high to 
promote the reaction of liquid oxygen with liquid hydrogen. This is 
possible, however, only as a result of certain tradeoffs. If the mixing 
zone length is too long, and the contact time between propellants is too 
long, the liquid oxygen droplets tend to freeze, and thereby virtually 
eliminate any possibility of reaction. Conversely, if the mixing zone 
length is too short, reaction occurs before the propellants become 
homogeneously mixed, and local catalyst burning occurs as a result of 
nonuniform mixture ratio distribution. For the hardware used in this 
program, the optimum mixing zone length appeared to be nominally 0.75 inch. 
In this hardware, the oxidizer/fuel impingement distance was 0.25 inch 
from the injector face for a 2-on-1 (oxygen-on-hydrogen) injector element 
design, the liquid oxygen injector pressure drop was 50 psi, and the liquid 
hydrogen injector pressure drop was 70 psi. On this basis, 0.50 inch was 
the apparent optimum distance between the point of propellant impingement 
and the catalyst bed. In considering other possible combinations of 
injector design and pressure drop characteristics, it must be recognized 
that the degree of propellant atomization has a pronounced effect on the 
kinetics of heat and mass transfer. 
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GASEOUS PROPELUNT REACTOR SCALING 
The a.vaila.ble -250 F ga.seous data. were examined f o r  t h e  MFSS 1/8-inch 
sp11e~ica.l  c a . t a ly s t  i n  smal l  diameter  (1-, 1.5-, a.nd 2.0-inch) hard~rra.re 
f o r  cases  of i g n i t i o n  v s  no i g n i t i o n  as a. func t ion  of s u p e r f i c i a l  ma.ss 
? lowra te  v s  l eng th  of t h e  bed. It i s  recognized t h a t  ea.ch of t h e  
c a t a l y t i c a . 1 1 ~  promated r e a c t i o n  systems 11a.s a  minimum ca.ta.lyst/reacta.nt 
conta.ct t ime requirement ,  and t h a t  i n  heterogeneous f low rea . c to r s ,  t h i s  
minimum "res idence  time" i s  a func t ion  of a number of va r i a .b l e s ,  \ 
i nc lud ing  ca.ta.lys t a . c t i v i t y  a.nd r e a c t a n t  environmental tempera.tur e , 
r e l a . t i v e  homogeneity of rea.cta.nt mixing, ca.ta.1ys-t conf igura . t ion ,  and 
r e a c t o r  conf igura. t ion.  
It was n o t  p o s s i b l e  w i th in  t h e  scope of t h i s  program t o  eva lua te  s e p a r a t e l y  
t h e  r e l a t i v e  e f f e c t s  of each of t h e s e  parameters.  The eva lua t ion  of t h e  
minimum res ihence  time requi red  was f o r  a  given r e a c t o r ,  i n j e c t o r ,  
c a t a l y s t  con f igu ra t ion ,  and environmental temperature.  The r e s u l t s  of 
t h i s  i n v e s t i g a t i o n  a r e  presented i n  summary i n  Table 14 .  I n  each 
in s t ance ,  surveys of a l a r g e  number of runs were made t o  d e f i n e  t h e  
s u p e r f i c i a l  mass v e l o c i t y  a t  which t h e  c a t a l y s t  f a i l e d  t o  promote t h e  
r e a c t i o n .  The t h r e e  runs presented f o r  each c a t a l y s t  bed l eng th  a r e  
r e p r e s e n t a t i v e  of two condi t ions  wherein r e a c t i o n  was s a t i s f a c t o r i l y  
promoted, and one run dur ing  which no r e a c t i o n  was noted. This  l a t t e r  
case  corresponds t o  a  s u p e r f i c i a l  mass v e l o c i t y  i n  excess of t h e  maximum 
al lowable f o r  t h e  s p e c i f i c  c a t a l y s t  bed length .  
I n  a d d i t i o n  t o  t h e  t a b u l a r  p r e s e n t a t i o n  of t h e  r e s u l t s  of t h e  run  survey,  
t h e  s e l e c t e d  runs  a r e  cor rec ted  such t h a t  t hey  may be considered on a 
comparable b a s i s  and p l o t t e d  i n  F ig .  30,. The t h e o r e t i c a l  r e l a t i o n s h i p  f o r  
bed length  i s  given i n  a l a t e r  s e c t i o n  of t h i s  r e p o r t  ( E ~ .  77), and served 
as t h e  b a s i s  f o r  c o r r e c t i o n  of t h e  ind iv idua l  run  da t a .  I n  gene ra l ,  t h e  
d a t a  were co r r ec t ed  t o  a common P and T b a s i s  by simply us ing  c o r r e c t e d  
Ik ROCKETDYNE A  D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C  
ratios of P /i; as indicated in Eq. 7 The average temperature was 
1 2  
assumed nearly constant for the runs. The result is given in Fig. 31. 
It is seen that when this is done the curve more nearly fits the pre- 
dicted form of X-- w On this basis, it is felt then that higher 
mass rate extrapolations may be made by using the simple ratio: 
where the "1" condition is taken off the upper part of the curve. 
For the same activity levels, sizing of catalyst effect extrapolations 
can also be made but with less confidence because the entrance effects 
change. For fixed G this extrapolation gives 
0 ' 
For operation different inlet t,emperatures it is necessary to consider 
activity ratios. The scaling parameter here is proportional to the 
reaction rate constant 
Therefore for G fixed, 
0 
where the values of n and C pertain to a given catalyst of a base 
reference relative activity. 
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The extrapolation from one relative activity to another is somewhat more 
questionable. It can be done through use of the ratios of the approximate 
rate constant curve fits; however, in general, at this time it would not 
be recommended. Also, the extrapolations are for a bed of 1-inch diameter 
with a chamber to pellet ratio of 8. Direct scaling to larger reactors 
should provide conservative estimates, because there may be some energy 
loss from the reactor for this data. 
Direct scaling to smaller reactors is not recommended. Data from Ref. 2 
on small engines equivalent to 1 to 5 pounds of thrust show that a 
catalyst bed of 1- x 1-inch diameter dimensions is required for the MFSS 
catalyst. 
Of final interest here is that i.n the range of 10- to perhaps 75-pound- 
thrust equivalence a rule of thumb for using the 1/8-inch MFSS (and MFsA) 
catalyst in its fresh state of activity can be obtained from Fig.31 as 
ii -- 0.04 lb/sq in.-sec 
- -  
A V  cu in. catalyst 
C 
At the low end of the curve it is almost exact, while at the high end 
it is conservative.. 
The basic curve is for a mixture ratio of 1:l and a -250 F inlet pro- 
pellant condition. 
OVEEfALL CATALYTIC IGNITER DESIGN 
These studies, coupled together with the previous studies (~ef. 3 ) 
indicate tha.t igniters operating with gaseous phase oxygen/hydrogen or 
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liquid ~xy~en/~aseous hydrogen down to -300 F can be reliably designed 
for use in oxygen/hydrogen engine systems. The liquid phase oxygen/ 
hydrogen data indicate that there is still a need for research effort to 
support design of liquid oxygen/liquid hydrogen catalytic igniters. The 
primary problem appears to be concerned with phase state control in the 
catalytic bed. The boiling effects are most pronounced in that the 
physical properties of liquid hydrogen vary widely with temperatvre. The 
theoretical basis for the gaseous propellant design appears to be well 
founded, except in two areas. First, smaller catalyst sizes have not 
been experimentally investigated. It is known from the theoretical 
results that smaller catalyst sizes should promote better reaction; 
however, they also have attendant higher pressure drops. Second, the 
effects of bed entrance lengths cannot be predicted at this time. A 
small amount of research effort here would clear up this deficiency. 
The combined empirical/theoretical results now available are sufficient 
for design of igniters from a 10-pound-thrust class to perhaps a 200- 
pound-thrust class. The supporting data will be nearly exact at the 
lower level, while at the upper level the designs based on this data 
will be conservative. 
LARGE-WGINE IGNITION CHARICTEZiISTICS 
Phase I: Effects of Engine Parameter Variations 
In evaluating the effects of engtne parameter variatione on ignition 
delay at constant igniter conditions, it is apparent that under compar; 
able conditions of engiae propellant mixture ratio, ignition delay time 
for a given engine configuration is a function of propellant flowrate. 
A comparison of runs 1 and 2 of Table 12 with runs 5 and 6, and of 3 and 
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4 with 7 and 8, indicatesthat ignition delay time varies to the nominally 
1.4 power with changes in propellant flowrate: 
where 
9 = ignition delay time 
Similarly, the effect of mixture ratio on ignition delay time, at com- 
parable chamber pressure, is represented by the equation 
Therefore, for this fixed engine geometry, the relationship between 
ignition delay time, and mixture ratio and propellant flowrate can be 
given by 
This relationship is based on a limited number of experimental observa- 
tions and should be considered in this light, pending further confirmation. 
During each of the runs 1 through 8  a able 12) ignition of the mainstage 
propellants was accomplished with the catalytic igniter operating at 
nomine 1500F and a propellant flowrate of approximately 0.16 lb/sec. 
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Chamber pressure in the igniter was controlled at a target level of 
nominally 350 psig. During the remaining runs, however, the igniter 
flowrate was varied at constant mixture ratio to evaluate the eff$cts of 
ignition energy variations on'ignitlon delay at constant engine conditions. 
During each run, the igniter chamber pressure was maintained constant 
and at a level approximately 50-psi higher than the target engine chamber 
pressure. 
Phase 11: Effects of Igniter Parameter Variations 
During runs 9 through 14 and 21 and 22, the igniter flowrate was varied 
from 0.18 to 0.067 lb/sec while the engine steady-state condition was 
maintained at a flowrate of approximately 45 lb/sec and a mixture ratio 
between 5..4 and 6.3. The results show that the lower igniter propellant 
flowrate is adequate for ignition of the large engine at the indicated 
conditions of operation, and that the ignition delay time is an inverse 
fbction of igniter flowrate, as shown in Fig. 32. 
The results illustrated in this figure demonstrate the dependence of 
ignition delay time on ignition source intensity. Because the igniter 
hot-gas temperature was the same during each run, the interaction effects 
of temperature and mass flowrate can be ignored. The fundamental 
variable then becomes mass flowrate through the igniter relative to the 
large engine. In the limit (i.e., a case in which the igniter flowrate 
grossly exceeds the engine flowrate), the ignition delay time for the 
engine is zero milliseconds. At the other end of the scale, as the igniter 
flowrate approaches zero, the ignition delay time theoretically approaches 
infinity. In practice, however, a condition would probably be encountered 
in which a "hard start" of sufficient magnitude to destroy the engine 
would result. In any event, the results presented in Fig.32 demonstrate 
the range of igniter parameter variations studied to be within the limits 
of satisfactory operation. 
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Under the conditions shown in Table 12 for runs 15 through 20, wherein 
the igniter flowrate was varied from 0.175 to 0.067 at constant igniter 
mixture ratio, it was demonstrated that the lower flowrate is adequate 
for ignition of the large engine propellants. During these runs, designed 
to evaluate the effects of igniter parameter variations on ignition delay 
characteristics for a liquid oxygen/liquid hydrogen engine operating as 
a gas generator, the propellant flowrate was controlled at approximately 
10 lb/sec and a mixture ratio of 1.5. During each experiment, ignition 
occurred after an approximately 40-millisecond delay, indicating that, 
for this mode of engine operation, ignition delay is not particularly 
controlled by igniter energy level. In comparing the results of these 
runs with those reported for runs 9 through 14, 21, and 22, it is 
apparent that the controlling factor, insofar as ignition is concerned, 
is not the energy level of the igniter, but instead is the temperature/ 
mixture ratio/mass f lowrate relationship existing with the mainstage 
propellants. At the reduced temperature level (near -400 F), the low- 
mixture-ratio oxygen/hydrogen propellant combination is only marginally 
flammable, and consequently would have a longer ignition delay time. 
Conversely, at the reduced mass flowrate, relative to runs 9 through 14, 
21, and 22, the ignition delay time would be reduced. Apparently, these 
compensating factors combined to create a limit condition which controls 
ignition delay time regardless of the ignition energy level provided. 
Undoubtedly, some ignition energy and temperature level exists below 
which ignit'ion would become erratic, occur after excessive periods of 
ignition delay, and, under the most severe conditions, result in destruction 
of the engine. This, however, is not limited to catalytic igniters alone, 
and would be true with any ignition technique. 
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Under c e r t a i n  condi t ions ,  the  engine propellant  r eac t ion  showed a tend- 
ency t o  quench following t h e  i g n i t i o n  cycle.  This was genera l ly  caused 
by t h e  marginal flammability of the  low-mixture-rat i o  l iqu id  oxygen/ 
l i q u i d  hydrogen propel lant  combination. However, t o  i l l u s t r a t e  t h e  
s p e c i f i c  manner of the  quenching tendency, t y p i c a l  chamber pressure t r a c e s  
f o r  normal i g n i t i o n  and f o r  e r r a t i c  ign i t ion  a r e  presented i n  Fig. 33. 
Even under condit ions wherein t h e  tendency t o  quench ex i s t ed ,  no apparent 
tendency f o r  chamber pressure spikes was noted. 
During the  course of the  parametric engine evaluat ions ,  no major hard- 
ware damage was observed. It i s  worthy of note ,  however, t h a t  moderate 
large-engine i n j e c t o r  d i sco lo ra t ion  occurred a s  a r e s u l t  of overheating. 
This was an t i c ipa ted  on t h e  b a s i s  of t h e  i n j e c t o r  design.  Because per- 
formance was not an objec t ive  of t h i s  program, no s p e c i a l  e f f o r t  was 
devoted t o  optimizat ion of large-engine i n j e c t i o n  c h a r a c t e r i s t i c s .  Con- 
sequently,  the  i n j e c t o r  was designed a s  a "workhorse" device,  with injec-  
t o r  elements considerably l a r g e r  than those t h a t  would be se lec ted  on 
the  b a s i s  of optimum performance and d u r a b i l i t y  c h a r a c t e r i s t i c s .  
THEORETICAL CONSIDERATIONS 
For completeness of understanding of t he  overa l l  c a t a ly t i c  process and 
i t s  appl ica t ion i n  rocket engine i gn i t o r s  ce r ta in  theore t i ca l  hypotheses 
and r e su l t s  a r e  presented. The optimum design of c a t a ly t i c  reactors  
f o r  use i n  t he  ign i t ion  systems of H /O rocket engines requires consid- 2 2  
e ra t ion  of several  fundamental aspects  of a  c a t a ly t i c a l l y  promoted heter-  
ogeneous reaction.  For such an appl ica t ion t he  propellants  a re  premixed 
upstream of the  ca ta lys t  bed and then flowed through the  bed where re- 
act ionispromoted t o  a  sustained and completed s t a t e  upon leaving t h e  
ca t a ly s t  bed. Among the  fundamental parameters af fect ing t he  overal l  
design of these  reactors  a re  t he  propellant  mix flammability l i m i t s ,  
flame veloci ty  envelope, ca ta lys t  p e l l e t  l imi t ing  temperatures, t he  mag- 
ni tude of the  chemical, pneumatic, and thermal time response character- 
i s t i c s  of the  bed, overal l  reactor  scal ing c r i t e r i a  including bed length,  
diameter, e f feo t ive  c a t a l y t i c  a c t i v i t y ,  and pressure drop, and overal l  
reactor  s t a b i l i t y .  In  addit ion t o  these  charac te r i s t i c  parameters, t h e  
nature of the  selected ca ta lys t  is qui te  important t o  the  design. The 
design parameters and ca ta lys t  enables react ion t o  take  place i n  t he  
absence of sustained combustion. The flammability l i m i t s  of II2/o2 under 
widely varying conditions of temperature and pressure a r e  not t o o  well 
defined. However, some data  a r e  avai lable  which may be used t o  define 
c a t a l y t i c  requirements. 
The l i t e r a t u r e  i s  meager a s  t o  the  e f f e c t s  of temperature and pressure of 
the  gas mixture on the  flammability l i m i t s  of H ~ / o ~ ,  and m o s t  experi- 
menters appear t o  be convinced t h a t  pressure e f f ec t s  a re  not s ign i f i can t  
except a t  u l t r a  l o w  pressures o r  very high pressures. Zabetakis of the  
Bureau of Mines, whose v a h e s  of flammability a re  accepted by the Liquid 
Propellant Information Agency ( ~ e f .  14) ,  s t a t e s  t h a t  t h e i r  s tud ies  of 
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flammability l i m i t s  of various combustible gases indicate t h a t  the flame 
temperature remains nearly constant a t  both the  upper and lower f lam- 
mability l i m i t s ,  i n  a manner independent of pressure. With t h i s  a s  an 
assumed basic  charac te r i s t i c  of the  H ~ / o ~  system, calculations may be 
made t o  determine the change i n  flammability l i m i t s  with a change i n  
e i t h e r  O2 o r  H2 i n l e t  temperature, while maintaining the  flame tempera- 
t u r e  constant through changes i n  mixture ra t io .  Using Zabetakist experi- 
mental r e su l t s  of the flanie temperatures being 1078 % and 2290 R respec- 
t i v e l y  a t  4 and 94 percent H2 i n  O2 a t  522 R, t he  flammability l i m i t s  a t  
the  lower and upper l im i t s  have been determined ( ~ e f ,  15) and the  r e s u l t s  
are  given i n  Fig. 35 f o r  a range of H2 and 0 i n l e t  temperatures. The 2 
r e su l t s  of t h i s  calculation show the flammability l i m i t s  t o  be insensi t ive  
over a wide range of O2 temperatures a t  the  upper l i m i t  (fuel-rich). I f  
the  thermodynamic reasoning of t h i s  calculation i s  correct ,  these r e su l t s  
can also be assumed val id  f o r  heterogeneously mixed propellants ( l iquid 
oxidizer, vaporized oxidizer, and hydrogen On the  other hand, the 
r e s u l t s  a t  the  lower l i m i t  (Fig. 5%)  show a very strong dependence on 
the  i n l e t  environmental conditions. The engine ign i to r  research reported 
herein i s  primarily associated with fuel-rich mixtures. For conditions 
beneath the  flammability curve, the  system w i l l  not support a reaction 
i n  the  normal sense, t h a t  i s  when it is  exposed t o  an ign i t ion  source 
whose temperature i s  above the  autoignit ion temperature f o r  the  H /O 2 2 
mixture. 
L i t t l e  data is available on the  l imit ing autoignit ion temperature; however, 
it is f e l t  t h a t  it is on the  order of 1000 F and reasonably constant o v e r  
a wide range of mixture r a t i o s  ( ~ e f  . 16). The actual  flammability l im i t s  
and autoignit ion temperatures appear t o  be influenced by the  type of the  
experiment, and apparently no deta i led experiments have been carried out 
t o  determine the  l imit ing ign i t ion  behavior 6f various ign i t ion  source 
s izes  and strengths on premixed gas mixtures ( H ~ / o ~ )  i n  varying s izes  of 
experimental containers. 
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Because t h i s  type of l imit ing flammability behavior has not been investi-  
gated, it i s  thus  d i f f i c u l t  t o  exactly determine the nature of a ca t a ly t i c  
promoted heterogeneous reaction i n  the zone beneath the flammability 
curves. A t  t h i s  time, the  theoret ical  r e su l t s  a r e  hypothesized t o  mean 
t h a t  f o r  a given s ize  ca ta ly t ic  bed, the energy release charac te r i s t ics  
must be such tha t  the  temperature of the  flowing mixture of Q2, H2, and 
H20 products w i l l  be raised above the autoignit ion l i m i t  by following a 
path general3y as i d i c a t e d  i n  Fig. 34-, i n  order t ha t  sustained combus- 
t i o n  may occur. For a given flowrate and bed diameter, there  must there- 
fore  be a minimum bed length which w i l l  promote the reaction i n  a sustained 
manner. Any bed lengths shorter than t h i s  c r i t i c a l  bed length r e su l t  i n  
a reaction temperature l e s s  than t h a t  necessary fo r  sustained reaction. 
FLAME mLOCITY EFFECTS 
A consideration of flame velocity i s  important i n  a ca ta ly t ic  reactor  
even though the reaction may be proceeding without the presence of  actual  
fiame i n i t i a l l y  i n  the  bed. Actual flame may be established fur ther  
downstream i n  the bed, and should there  ex i s t  local  nonhomogeneous mix- 
ture r a t i o s  upstream i n  the bed which tend towards stoichiometry, the  
poss ib i l i t y  of flashback along such nonhomogeneities becomes qui te  
strong. Flashback t o  the in jec tor  mixer usually occurs with resul tant  
bed burnout a s  w e l l  aa mixer aamage. 
For overall  i g n i t e r  r e l i a b i l i t y  such a s i tua t ion  is undesirable, and a 
knowledge of ?lame veloci ty  charac te r i s t ics  i s  needed f o r  the proper 
design of the  ca t a ly t i c  reactor. Quantitative data on flame ve loc i t ies  
under a wide var ia t ion i n  temperature and pressure and conditions of 
turbulent flow are  even l e s s  available than flammability data. The re- 
s u l t s  presented here par t ly  follow the survey discussion i n  Ref. 17 . 
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Most of t he  laminar flame speed data  i n  t he  l i t e r a t u r e  (lief. 17) have 
been obtained e i t h e r  with strongly oxidizer-rich mixtures o r  a t  near 
stoichiometric conditions. For laminar ve loc i t i es ,  the  highest ve loc i t i e s  
a re  observed f o r  s l i g h t l y  fuel-r ich mixtures (lief. 18 and 19) .  For 
pressures ranging between- 0.5 and 15 atmospheres, the  laminar ve loc i t i e s  
cor re la te  qu i te  well with the  following expression: 
Flame speeds a t  90 atmospheres exceed t he  prediction of Eq. 14 by "75 
percent. Flame speeds obtained a t  these higher pressures cor re la te  
b e t t e r  with the  following expression: 
where b i s  a measure of order of reaction.  The laminar burning ve loc i t i e s  
of Ref .  18 and 19 are  shown i n  Fig. 28. 
Very l i t t l e  turbulent  flame speed data  a r e  available f o r  02/% mixtures; 
however, a minimum of isola ted da ta  ( ~ e f .  20 and 21) obtained with tur-  
bulent stream conditions a re  presented i n  Fig. 28. These d a t a  correspond 
qu i te  well with air/hydrogen data  i n  Ref. 22, a s  f a r  a s  t he  r e l a t i ve  
values of SUt and SU are  concerned. 
It i s  known t h a t  the  percent of turbulence a f f ec t s  the  turbulent  flame 
velocity.  A theory of flame propogation i n  turbulent  gases developed 
by Karlovitz and reported i n  Ref, 23 attempts t o  account f o r  stream 
turbulence and i s  expressed a s  follows: 
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The value of uf  t o  be used i n  Eq. 16 i s  not the approach stream value, 
nor necessarily the value i n  the flame zone, but i s  probably some inter-  
mediate value. Use of u t  values from the flame zone w i l l  generally re- 
s u l t  i n  conservative (high) values of SUt, and i s  recommended f o r  t ha t  
reason. However, accurate measurement of flame zone turbulence i a  
quite d i f f i c u l t .  The turbulence velocity u t  i s  known t o  be a function 
of local  Reynolds number, approaching assymptotic values f o r  large 
Reynolds numbers ( ~ e f  . 24). 
From a qua l i ta t ive  standpoint, the re la t ive  values of turbulent and 
laminar flame speed f o r  o?/H~ are presented i n  Fig. 27. These values 
were obtained with ambient o r  near ambient gases. Usjng the theore t ica l  
flame speed 2xpression nf Mallard and Le Chatelier ,  a s  shown below, an 
approximate temperature correction may be made t o  obtain qua l i ta t ive  
design data. 
I n  t h i s  equation, T maybe t u e n  a s  the f l a w a b i l i t y  l imit ing tempera- 
i g 
tu re  f o r  o ~ / H ~ ,  and T as  the premix temperature. The extraoolation 
U 
procedure is  t o  take the r a t i o  of SU a t  two  dif ferent  temperatures, 
TU, 
f o r  a fixed pressure. 
Assuming C and A Xb are  roughly constant and the conductivity, k, being 
P 
with a fur ther  approximation of T - T roughly constant;Eq. 18 b i g  
can be reduced t o  
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Because the  r a t i o  (Tig2 - T & ) / ( T ~ ~ ~  - TU1) remains nearly constant, 
Bel les  ( ~ e f .  22) has empirically investigated the  e f f ec t s  of temperature 
on  air/^^ mixture flame ve loc i t i es  over a limited range and found the  
exponent t h a t  most nearly f i t s  the  data  t o  be approximately 1.41 i n  place 
of t he  above t heo re t i c a l  value of 1.5. There are  no available 02/J!12 
data a t  various i n i t i a l  temperatures t o  which t h i s  resu l t  may be compared. 
However, there  a r e  some hydrocarbon/air data of Dugger available f o r  
propane (~ef. 25) through which Eq. 20 can be checked. Duggerfs data 
show S r i s e s  from approximately 2 f t / sec  a t  84 F t o  6.3 ft /sec a t  650 F. 
U 
Using Eq. 20, t h e  predicted upper l i m i t  ve loci ty  would be 5.6 f t / sec ,  
The ambient r e s u l t s  of Fig. 27 have been corrected t o  lower i n l e t  temper- 
a tu res  i n  Fig. 28 by the  use of Eq. 20. It i s  pointed out t ha t  these 
ve loc i t i e s  may not necessari ly be the  maximum possible f o r  consideration 
i n  the  ca t a ly t i c  reactor ,  Flashback caused by nonhomogeneous mixture 
r a t i o  d i s t r i bu t i on  may conceivably r e su l t  i n  flame ve loc i t i e s  i n  excess 
of those previously considered. Belles (Ref. 22) has stressed t h a t  
se lect ion of values of SUt f o r  design purposes t o  prevent flashback must 
be made with extreme caution because of the  lack of a b i l i t y  t o  accurately 
measure and i n t e rp re t  turbulent  flame speeds, It has been shown (Ref .22) 
t ha t  flame speeds a r e  strongly affected by boundary veloci ty  gradients.  
Under ce r ta in  conditions, the  laminar flashback boundary veloci ty  gradient  
may be a s  high a s  10,000 ft /sec/ft  f o r  t he   air/^^ mixture. It i s  fu r the r  
shown ( ~ e f .  22) t h a t  the  r a t i o  of t h e  t u rbu l ed  t o  laminar boundary veloci ty  
gradient  i s  approximately 2.8. Therefore, t he  t u r k u l e n ~  flashback boundary 
velocity gradient may be a s  high as  28,000 ft /sec/ft .  These values are  
strongly affected by mixture ra t io ,  and f a l l  d r a s t i c a l l y  a s  hydrogen con- 
centra t ion increases from approximately 40 volume percent. 
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I t  i s  d i f f i c u l t  t o  explain why the r a t i o  of turbulent  t o  laminar f lash-  
back boundary veloci ty  gradients i s  a s  high a s  2.8. Since the flashback 
boundary veloci ty  gradient  i s  a function of the laminar burning veloci ty  
r a t he r  than the turbulent  burning ve loc i ty ,  the turbulent  burning 
ve loc i ty  cannot be used i n  any way t o  explain t h i s  f a c t .  I t  i s  tenta-  
t i ve ly  concluded t h a t  the explanation l i e s  i n  the penetrat ion of the 
flame i n to  the laminar sublayer a t  the burner wall  and t h a t  the flame 
approaches the wall more c losely  i n  turbulent  than i n  laminat flow. 
Seemingly, some advantage may be gained i n  the design of a c a t a l y t i c  re- 
ac to r  by v i r t ue  of ce r ta in  geometrical design considerat ions which tend 
t o  promote quenching. Because flames are  quenched by excessive l o s s  of 
heat  o r  ac t ive  specie o r  both, t o  the  adjacent wal ls ,  design of t he  re- 
ac to r  wal ls  t o  maximize heat  losses  within t he  mixing zone may tend t o  
minimize flashback t o  the  i n j ec to r  face.  Experiments have shown t h a t  
flames i n  a mixture of given temperature, pressure,  and composition 
cannot pass through openings smaller than some minimum s ize ,  Consider- 
able e f f o r t  has been expended, and i s  summarized i n  Ref. 22, on t he  
evaluation of various mater ia ls  and s i z e  ranges f o r  use as  "flame t raps ."  
In  general,  it is reported t h a t  flames a r e  extremely d i f f i c u l t  t o  
a r r e s t ,  and fu r t he r  t h a t  the  quenching distance i s  proport ional  t o  t he  
system pressure t o  some exponential value. For the  range of hydrogen 
concentrat ions of i n t e r e s t  i n  t h i s  program, the  value of the  exponent 
i s  approximately -1.0. In t h e  event t h a t  flame t r a p s  a r e  t o  be consid- 
ered i n  t he  design of a c a t a l y t i c  reactor ,  ce r ta in  words of caution 
a r e  given. The quenching dis tance  f o r  turbulent  flashback is  only 
about one-fourth t h a t  of laminar flashback, aqd calcula t ions  of t h i s  
value must be based on turbulent  burning veloci ty  considerations. 
Furthermore, t he  flame t r a p s  designed on the  ba s i s  of turbulent  f lash-  
back considerat ions a re  flame stoppers,  and may not be e f f ec t i ve  agains t  
detonation, 
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In  addition, t o  the  problem of potent ia l  flashback, consideration must 
be given t o  the  poss ib i l i t y  of formation of a detonation wave. Under 
cer ta in  conditions, an ordinary flame t ravel ing through a vessel contain- 
ing a combustible mixture can transform into a detonation. The detonc 
t i o n  wave then advancesatavelocity equivalent t o  a Mach level of 
approximately 4 o r  5 i n  the  unburned mixture- I n  the case of such a 
detonation wave, the r a t i o  of pressure behind the wave, i n  the burned 
gas, t o  t h a t  ahead of the  wave may be a s  high a s  18, depending on the  
mixture r a t i o  ( ~ e f ,  16 ) -  In  addition, a strong convective flow of burned 
gas follows the detonation wave, and when such a pressure wave meets an 
obstacle,  the momentum of the  burned gas is added t o  the  pressure e f f ec t ,  
and very large forces  may be exerted, Under cer ta in  conditions, these 
forces may be suf f ic ien t  t o  rupture the catalyst  re ta iners  and blow the 
ca ta lys t  f romthe  reactor. I n  pract ical  applications,  the  flame must 
t r a v e l  a considerable distance before detonation occurs, the  run-up dis- 
tance being a function, among other factors ,  of surface roughness, re- 
ac tor  diameter, reactant mixture ra t io ,  and system pressure. Furthermore, 
the  onset of detonation can be delayed by making the reactor walls of an 
accoustically attenuating material, o r  by providing a sudden enlargement 
i n  the  reactor. These f ac to r s  would be well considered i n  the design of 
a ca t a ly t i c  reactor,  with some thought given t o  the  potent ia l  advantages 
of a contoured mixing zone between the catalyst  bed and the  in jec tor ,  
and o f  antichannelling r ings  within the catalyst  bed. A more sa t i s -  
factory approbch, however, i s  t o  ensure tha t  the  reactants are homo- 
geneously mixed i n  the  mixing zone. For oxygen/hydrogen mixtures, t he  
detonation l i m i t s  a re  from 15 t o  90 volume percent hydrogen ( ~ e f .  26). 
For the  ca t a ly t i c  oxygen/hydrogen system, the  maximum recommended mixture 
r a t i o  (o/f) i s  1.1, corresponding t o  approximately 96 volume percent 
hydrogen, well bgyond the detonation l i m i t .  Therefore, homogeneous mix- 
ing of reactants  i n  the mixing zone should eliminate any poss ib i l i ty  of 
detonation within the ca t a ly t i c  reactor. 
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From these  considerat ions of flame speeds and flashback cha rac t e r i s t i c s ,  
it can be seen t h a t  the  propellant  mixing sect ions  of the  i g n i t e r  hard- 
ware must be designed very conservatively regarding through put ve loc i t i e s  
t o  ensure the  prevention of f lashing o r  detonation i n  the  mixing chambers. 
CATALYST PELLET LIMITING TEMPERATURES 
It has been found i n  previous c a t a l y t i c  i gn i t i on  research programs on 
H ~ / o ~  t h a t  t h e  commercially avai lable  noble metal ca ta lys t s  begin t o  
s i n t e r  i f  t he  reaction temperature is higher than 1500 F ( ~ e f .  2 ). 
Further, it has  been found t h a t  the  c a t a l y t i c  i g n i t e r  exhaust temperature 
must be a t  l e a s t  -1000 F t o  i g n i t e  a H /O engine, and the  higher the  2 2 
temperature t he  more r e l i a b l e  the  i gn i t e r .  Because the  ca t a ly s t  promotes 
t he  react ion i n  a heterogeneous manner, t he  surface temperatures w i l l  be 
higher than 1500 F. It i s  of i n t e r e s t  t o  determine t he  magnitude of 
t he  di f ference between t h e  ca ta lys t  and e f f luen t  temperatures t o  appreciate 
t he  probable temperatures a t  which s in te r ing  t akes  place. 
A s  reported elsewhere i n  t h i s  repor t ,  an est imate of the  amount of 1/8- 
inch spher ical  MFSA ca ta lys t  required t o  promote the  H ~ / o ~  react ion t o  
completion i n  a small reactor  can be obtained from 
where 
Ac, V i n  inch un i t s  
The average bed densi ty  of the  t yp i ca l  random packed 1/8-inch spher ical  
c a t a ly s t  p a r t i c l e s  i s  0.025 lb/cu in.  The actual  pa r t i c l e  densi ty  i s  
-0.033 lb/cu i n .  The external  projected p a r t i c l e  surface per un i t  weight 
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of c a t a ly s t  and per un i t  volume of ca ta lys t  i s  needed t o  make the  temper- 
a tu re  ca lcula t ions .  The projected surface area per un i t  weight i s  given 
by 
and i s  -14.5 sq ft/lbm i n  t h i s  case. The external  surface area per un i t  
bed volume i s  then given by 
and i s  626 ft-' f o r  the  1/8-inch ca t a ly s t s  o r  i n t e r e s t  here. Of i n t e r e s t  
a r e  approximate values f o r  1/16 inch ca t a ly s t .  The value a i s  9 0 . 4  
f e e t ,  and am i s  -980 f t - l .  To estimate the  temperature d i f ference be- 
tween the  ca ta lys t  p e l l e t  surface and the  f r e e  stream, it is  necessary 
t o  obtain a measure of t he  various species f l ux  a t  the  c a t a ly t i c  p e l l e t  
surface,  which can be done through t he  reaf ion 
I n  Eq. 24 the  r a t i o  Iti/% i s  the  r a t i o  of moles of species "i" produced 
per  mole of water vapor. 'considering t he  bas ic  react ion 
the  ratios are  given a s  follows: 
species,  i 
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NH i s  the r a t e  of water production i n  moles/sec-sq f t .  Next consider 
a  ? cu in .  of ca ta lys t  material  with a  cross section of 1 sq in .  A t  a  
mixture r a t i o  of 1: 1 (o/f ) t he  water conversion i s  9 6 . 3  percent of t he  
t o t a l  propellant flowrate. Using Eq. 23 and 2 4 t h e  molar r a t e  of pro- 
duction of water i s  0.0392 moles water/sec/lb of cata lys t .  For t h i s  
example Eq. 24 becomes 
The molar f l u x  of water is  then 0.0027 moles/seo- sq f t  . Considering t he  
heat of reaction,  the  energy generation a t  the  ca ta lys t  surface i s  -101 
~ tu / sec-sq  f t ,  To obtain t he  temperature difference,  an estimate of the  
e f fec t ive  f i lm coeff ic ient  is needed. To do t h i s ,  a  packed bed heat  
t r ans f e r  r e l a t i on  is needed. A current ly  acceptable re la t ionship  i s  
t he  following ( ~ e f  . 26): 
The Reynolds number is  defined here a s  
For spheres f,b is approximately uni ty  ( ~ e f .  26). For the  example of i n t e r e s t  
t h e  Re number i s  approximately 200 f o r  500 t o  1000 F  gases composed 
predominately of water vapor and hydrogen. 
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The heat t r ans fe r  JH fac tor  i s  defined a s  
For the  gases of in te res t ,  h, the f i lm coeff ic ient ,  i s  determined from 
Eq 29 t o  be 4,584  ~ t u / s ~  ft-sec-F. The temperature difference i s  
then given by 
In summary, the  catalyst  pe l le t  surface temperature on the average w i l l  
be on the order of 200 F higher than the  local  gas stream. Upon the 
I 
surface of the p e l l e t ,  the individual ca ta ly t ic  active s i t e s  may be con- 
siderable ho t t e r  than the 'average calculated value, because the areas of 
the active s i t e s  on a local  basis  are considerably l e s s  than the projected 
surface areas and, consequently, f o r  the same energy generation r a t e ,  
the temperature difference must be larger.  Therefore, a 1500 F bulk 
stream temperature i n  a reacting catalyst  system w i l l  have catalyst  
p e l l e t  surface temperatures a t  l ea s t  as  high as 1700 F, with a strong 
probabi l i ty  of local  surface temperature being considerably higher. This 
i s  important t o  the use of platinum-type ca ta lys t s  because temperatures 
higher than t h i s  may be enough t o  resu l t  i n  ca ta ly t ic  ac t iv i ty  destruc- 
t i o n  f o r  r e s t a r t  purposes. Further, s inter ing may also begin t o  occur. 
Smaller .catal3rst (-1/16 inch) may have even higher temperatures. 
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ANALYTICAL PREDICTION OF CATALYTIC BCTOR 
RESPONSE CHARACTERISTICS 
Research s tud ies  ca r r i ed  out t o  da te  a t  Rocketdyne on the  c a t a l y t i c  re- 
a c t o r  system ind ica te  t h a t  t h e  o v e r a l l  response of a  packed bed c a t a l y t i c  
r eac to r  can be determined through the  considerat ion of t h r e e  r a t e  processes: 
(1) the  heterogeneous chemical reac t ion ,  (2)  t h e  pneumatic f i l l i n g  of t h e  
c a t a l y t i c  r eac to r  chamber, and (3 )  t h e  e f f e c t i v e  r a t e  of energy l o s s  from 
the  bulk stream flow. The t h e o r e t i c a l  determination of t h e  magnitude of 
each of these  processes i s  presented below. 
Heterogeneous Chemical Reaction 
For t h e  overa l l  reac t ion ,  t o  proceed it i s  necessary f o r  H2 and O2 t o  
d i f f u s e  t o  t h e  ac t ive  s i t e s  and f o r  t h e  r eac t ion  products t o  d i f f u s e  away 
from t h e  c a t a l y s t  p a r t i c l e s .  The l imi t ing  species  d i f f u s i o n  w i l l  be the  
oxygen species  because of i t s  higher molecular weight. 
On t h e  assumption t h a t  t h e  ra te- l imi t ing  s t e p  i n  the  c a t a l y t i c  r eac t ion  
sequence i s  t h e  d i f f u s i o n  of oxygen from bulk stream through a  stagnant 
f i l m  of the  hydrogen t o  t h e  surface  of the  c a t a l y s t ,  and f u r t h e r  assuming 
t h a t  t h e  products of the  surface  reac t ion  desorb and d i f f u s e  i n t o  t h e  bulk 
stream instantaneously,  t h e  r a t e  of t h e  chemical reac t ion  can be ca lcula ted  
by use of t h e  r e l a t ionsh ip  
The d i f f u s i v i t y ,  Dm, can be estimated from t h e  equation ( ~ e f .  27) 
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calcula ted  a s  
f o r  the  react ion system operating a t  150 ps ia  and 1500 F. 
On t h e  b a s i s  oT t h e  foregoing assumptions, t h e  concentration of oxygen 
a t  t h e  c a t a l y t i c  surface i s  neg l ig ib le ;  consequently, f o r  an overa l l  
propellant  mixture r a t i o  of 1.1, the  mole f r a c t i o n  hydrogen i n  the  bulk 
stream i s  0.94 and a t  the  c a t a l y s t  surface i s  1.0. The mean p a r t i a l  
pressure of hydrogen i s  therefore  
Assuming t h e  e f f e c t i v e  d i f fus ion  f i lm thickness t o  be equal t o  severa l  
-6 hydrogen mean f r e e  paths (5.9 x 10 centimeter a t  1500 F, 150 pis) and 
t h e  d i f fus ion  area  equal t o  one mean f r e e  path cross  sec t ion,  t h e  d i f fu -  
s ion r a t e ,  d ~ ~ / d t ,  calculated from Eq. 30 ,  equals -10-12 molecules/ 
second. This ind ica tes  a  d i f fus ion  time per  oxygen molecule of l e s s  
than 10-l2 seconds; consequently, the  chemical heterogeneous react ion 
response times may be ignored i n  considering overa l l  response times and 
a t t e n t i o n  may be focused on t h e  pneumatic and thermal response times i f  
the  ca ta lys t  possesses s u f f i c i e n t l y  high a c t i v i t y  t o  promote t h e  react ion.  
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Pneumatic F i l l i n g  Response 
To obtain an order of magnitude ca lcu la t ion  on t h e  pneumatic f i l l i n g  
response, severa l  assumptions may be made. 
1. The c a t a l y s t  bed pressure drop i s  ignored. 
2. The gas i s  uniformly heated t o  T i n  t h e  bed. 
g 
3. The energy losses  a r e  negl ig ib le .  
4. The gaseous propel lant  input  and output t o  t h e  reac to r  are sonic 
a t  a l l  times. 
Of these  assumptions, t h e  l a t t e r  t h r e e  a r e  most r e s t r i c t i v e .  To be rfg- 
orously cor rec t ,  a s e t  of equations involving the  cont inui ty ,  momentum, 
and energy equations should be solved simultaneously. The assumptions 
t h a t  the  gas is heated uniformly t o  T does not account f o r  some pneumatic 
g 
delay  e f f e c t s  caused by a reduced temperature f o r  some e a r l y  p a r t s  of 
t h e  pneumatic f i l l i n g  operat ion;  however, it w i l l  be shown i n  the  next 
sec t ion t h a t  t h e  e r r o r  a t t r i b u t a b l e  t o  t h i s  e f f e c t  may be ignored when 
compared t o  t h e  overa l l  response. The i n j e c t o r  flow is not sonic through- 
out i t s  flow condition, but  t h i s  assumption enables a simple s a l u t i o n  t o  
be obtained which allows an order of magnitude analys is  t o  be made of t h e  
pneumatic response time, 
The pneumatic response time is  obtained by considering a simple t r a n s i e n t  
mass balance on t h e  overa l l  combustion volume. With the  assumption of 
$ s o n i c  flows, t h e  f lowrates i n t o  and out of t h e  chamber a re  given by 
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Using the  pe r fec t  gas law 
W = wRT 
and l e t t i n g  P and w be va r iab les  of time, 
dw Approximating - d t by = ir2 
Eq. i s  in tegra ted  t o  obta in  
Overall engine response percentage i s  obtained by dividing p C ( t )  by t h e  
steady-stage value of P : 
C s 
The quanti ty V / A ~  i s  a rocket combustor i s  normally t h e  d e f i n i t i o n  of 
the  c h a r a c t e r i s t i c  combustion chamber length and i s  a parameter indica- 
t i v e  of the  couibustion dwell time i n  t h e  chamber. I n  t h e  c a t a l y t i c  re- 
ac to r ,  t h e  same d e f i n i t i o n  may apply i f  t h e  volume i s  taken a s  t h e  f r e e  
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volume i n  t h e  chamber, including t h e  c a t a l y t i c  bed i n t e r s t i c e s .  The 
f i n a l  form f o r  t h e  response of the  chamber t o  pneumatic f i l l i n g  i s  given 
by 
By d e f i n i t i o n ,  the  time constant ( the  time f o r  t h e  r a t i o  of P ~ ( T ) / P , ~  t o  
reach 63 percent  of i t s  steady-stage value) i s  found by 
Comparing Eq.39 with 4 0 ,  it i s  seen t h a t  t h e  time constant  7 i s  given 
by 
The time t o  95 percent of steady s t a t e  i s  approximately 
For a pe r fec t  exhaust nozzle (no discharge losses )  Eq. 42 reduces t o  
With L* i n  inches and Tg i n  R, Eq.43  i s  plot ted  i n  Fig. 35 f o r  various 
e f f e c t i v e  L* and Tg values. A t y p i c a l  c a t a l y t i c  reactor  might have an 
L* of 100 inches. A t  an exhaust temperature of 2000 F, t h e  response time 
would be on t h e  order of 3.8  mill iseconds.  A s  w i l l  be shown i n  t h e  next 
sec t ion,  t h i s  reponse time may be considered t o  v i r t u a l l y  instantaneous 
and i s  not t h e  major contr ibutor  t o  overa l l  reactor  response time. The 
bed pressure drop e f f e c t s  are  considered l a t e r  i n  t h i s  report .  
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Thermal Response 
The thermal response of the  ca t a ly t i c  bed may be examined i n  t w o  ways. 
F i r s t  the  response of t h e  individual  p e l l e t s  may be determined. Secondly, 
the  response of the  bed a s  a  heat sink may be found. The one which 
shows the  l a rges t  time w i l l  then be the  control l ing f ac to r  i n  determin- 
ing t he  ca t a ly t i c  bed thermal response. 
Individual P e l l e t  Response. The individual  pa r t i c l e  response is  found 
by considering a  s ingle  p e l l e t  suddenly exposed t o  a  hot gas with a  con- 
s t an t  f i lm coeff ic ient .  The formulation of t h i s  s i t ua t i on  i s  a s  follows: 
The following boundary conditions apply: 
T~ (r, 0) = 0 (45) 
A solut ion t o  t h i s  c l a s s i ca l  conduction problem i s  given i n  Ref, 28 i n  
terms of t he  dimensionless Biot and Fourier numbers, h~/k and W/R2. 
Using the  previously determined f i lm  coeff ic ient  of 4 . 5  ~tu / sec-sq  f  t-F 
f o r  alumina pe l l e t s ,  the  heat t r ans f e r  r e s u l t s  indicate  t h a t  t h e  1/8-inch 
p e l l e t  responds nearly instantaneously t o  a l l  temperature var ia t ions  of 
t h e  bulk stream, 
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Overall Bed Response, By assuming t h a t  the  bed i s  e f fec t ive ly  i n f i n i t e l y  
conductive a s  indicated i n  the previous section, and therefore i n  thermal 
equilibrium with the bulk stream gas, a new thermal equilibrium analyt ical  
model may be described as  shown below: 
@ \dx, heat loss  
The energy balance yields:  
where GA i s  the  t o t a l  propellant flowrate, The f ac to r  8L (x , t )  is a 
measure of c a t a l y t i c  bed a c t i v i t y  (more w i l l  be said about t h i s  f a c t o r  
i n  l a t e r  sections),  AH' is  the heat of reaction i n  the  bed. 
To obtain a measure of thermal response several simplifying assumptions 
may be made at t h i s  time. 
1. The enthalpy term may be replaced by 
T h i s  i a - n o t  s t r i c t l y  correct f o r  a reacting mixture unless a i s  P 
defined as  given i n  Appendix A. 
2. The Q f ac to r  i s  constant and the bed is long enough t h a t  a l l  
reaction occurs i n  the  bed, providing an instantaneous r i s e  t o  
the  f i n a l  reaction temperature, To. 
3. No wall losses  exis t .  
With these assumptions Eq. 48 may be reduced t o  
where 
The integrat ion resu l t  i s  
The thermal time constant, THY f o r  95 percent thermal response is 
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For the experimentally determined mass loading fac tor  of 
We 0.04 lb/cu in.-sec 
A V cu in.  
C 
f o r  1/8-inch catalyst  spheres and a 0.025 lb/cu in .  ca ta lys t ,  TH is  -150 
milliseconds. Clearly,  TH is much larger  than any of the other response 
times; and therefore,  it may be considered t o  be the dominating fac tor  
i n  considering overall ca ta ly t ic  reactor response character is t ics .  For 
1/16-inch catalysts ,  TH may be expected t o  be considerably smaller. 
CATALYTIC REACTOR SCALING CRITERIA 
Scaling c r i t e r i a  f o r  a gaseous propellant ca ta ly t ic  reactor can be de- 
rived i n  terms of the bed length, bed diameter, effect ive ca ta ly t ic  
ac t iv i ty ,  and pressure drop e f fec t s  f o r  a given mass ra te ,  Cr i te r ia  f o r  
these parameters are presented i n  the  following sections. 
Bed Length 
The bed length functional form w i l l  be determined only f o r  the  steady- 
s t a t e  case, To do t h i s ,  it i s  assumed tha t  the  chemical reaction steps 
are controlled by mass t r ans fe r  t o  the catalyst  surf aces. This being 
the case, the  reaction r a t e  i s  related d i r ec t ly  t o  the diffusional  f lux,  
It has previously been determined tha t  the  flow is  turbulent i n  most cases 
of in te res t ,  and fur ther  tha t  the  oxidizer species transport  i s  the  l i m i t -  
ing fac tor  f o r  reaction, 
dn ROCKETDYNE A D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N ,  I N C .  
The mass t ransfer  coefficient may be defined i n  terms of the mass f ract ions  
of oxygen i n  the f ree  bulk stream and a t  the  ca ta ly t ic  wall: 
where p i s  the t o t a l  gas aensity,  For a f lu id  of constant properties, p 
i s  nearly constant. It has been previously shown tha t  the catalyst  sur- 
face temperature i s  only 4 0 0  F higher than the bulk stream. A t  1500 F, 
the assumption of constant density involves an e r ro r  of o n l y 9  percent 
i n  the density. The mass f ract ions  may be converted t o  p a r t i a l  dens i t i es  
t o  give 
I f  it i s  then assumed tha t  the  e f fec t s  of local  temperature differences 
are  small (as  indeed they are f o r  only a 200 F difference) and the per- 
f ec t  gas law i s  applied, Eq. 55 may be reduced t o  
'5 
It i s  assumed t h a t  a l l  oxidizer species tha t  di f fuse t o  the wall are in- 
stantaneously consumed, leaving Po rW being zero. Theref ore, 
2 
To proceed fur ther ,  a re la t ion  i s  needed f o r  hD. The Lewis re la t ion  de- 
r iving the analogy between mass and heat t ransfer  yie lds  ( ~ e f ,  28) 
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a s  a working re la t ion  f o r  %. Therefore, the  turbulent heat t r ans fe r  
re la t ionship used e a r l i e r  f o r  determining the cata lyst  surface temperature 
may be used f o r  %, simply by dividing the  r e su l t  by the local  spec i f ic  
heat. Using Eq. 27 
Subst i tu t ing f o r  the  Re number, 
Subst i tu t ing t h i s  resu l t  i n  Eq. 57, the  mass f lux  of O2 spieces i s  
Because the  oxygen species i s  being used up and the  temperature is increas- 
ing, both Po and T a re  functions of distance along the  ca ta lys t  bed. 
2 
The r a t e  given i n  Eq. 61 i s  per sq f t  of projected ca ta lys t  surface. The 
ca ta lys t  surface per unit  volume is given by Eq. 23 as 
Multiplying t h i s  by the  volume Acx gives the  cumulative surface area 
The surface d i s t r ibu t ion  per uni t  length i s  then 
The mass f l ux  or  reaction r a t e  per uni t  length of bed i s  obtained by 
multiplying a' times 61 
O2 
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Rate = Pr  -2/3 
Maintaining an overal l  species mass balance requires t h i s  quant i ty  t o  be 
equal t o  the  decrease i n  oxygen species i n  the  bulk stream. To obtain the  
r e l a t i on  f o x  t h i s  term, consider a small d i f f e r e n t i a l  element of length 
dx and wri te  a mass balance on it f o r  t he  oxidizer species. The r e su l t  
i s  
-dGo2 
-- 
- Rate dx 
The oxidizer r a t e  through the  bed is  
Using the  perfect  gas law: 
L 
Set t ing  t h i s  r e su l t  equal t o  t he  r a t e  equation, the  f i n a l  d i f f e r e n t i a l  
form f o r  the  p a r t i a l  pressure d i s t r i bu t i on  of oxidizer species i s  obtained. 
Separating and in tegrat ing:  
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- 
To proceed fu r the r  i n  the  analysis,  PT, R, T must be known a s  functions 
of x. A s  a f i r s t  approximation, they must be assumed nearly constant 
t o  yield:  
x = 1.64 j"" Pr 2 h  Ln '02 ,a, i n  
p ~ a  TJ '0, out 
where the quant i t i es  denote appropriate averages fo r  the  in te rgra t ion  of 
the  l e f t  side of Eq. 70 ,  It i s  observed t h a t  an i n f i n i t e  ca t a ly s t  
length i s  necessary t o  remove a l l  the  oxidizer. Pract ical ly ,  P O2 ,", out 
may be selected a s  4 . 0 5  of P say. Then 02 ,=', i n  
It i s  suggested f o r  simplicity t h a t  the  average values be taken a t  the  
ari thmetic average values; i . e . ,  
- 
T =  (T .  + T  )/2 1n out 
A s  i s  seen on examining Eq. 75, the distance x t o  achieve a given per- 
centage of the  t o t a l  reation i s  proportional t o  the  mass f l ux  t o  t he  
0.41 power and inversely proportional t o  the  mean t o t a l  pressure i n  t h e  
ca ta lys t  bed. However, the  average density 7 also appears and tends t o  
largely  cancel t h i s  e f fec t .  This re la t ionship w i l l  be used l a t e r  t o  
provide a means of i t ropolat ing data  f o r  i g n i t e r  design with gaseous 
propellants. This re la t ionship is not adequate f o r  l iquid propellants 
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Effective Bed Catalytic Activity 
Equation 72 would be exactly t rue  i f  each ca ta ly t ic  surface had a suffi-  
c ien t ly  high ca ta ly t ic  ac t iv i ty  tha t  each molecule of 0 2 t h a t  diffused 
t o  the surface reacted. However, t h i s  may not be the case; and it i s  
necessary t o  account f o r  reduced ca ta ly t ic  ac t iv i ty .  I f  the  bed ac t iv i ty  
per uni t  length i s  denoted by 81 ( x , t )  as  before and only the steady-sta%e 
value i s  used, &(x), the effect  of reduced ac t iv i ty  may be introduced 
in to  Eq. 72 as  an approximate correction f o r  reaction l e s s  than completion. 
0.61 & G 
o -2/3 Rate =. (76) 
O2 
I f  ~ ( x )  i s  nearly constant, the required length of bed f o r  95-percent 
reaction is 
High values of Q are  suggested t o  minimize the required bed length. 
It is noted t h a t  Eq. 77 w i l l  over estimate the required length i f  a t  
any point i n  the  bed the bulk temperature exceeds the flammability temper- 
a ture ,  a t  which point the reaction w i l l  sustain i t s e l f ,  The exact nature 
of .& cannot be determined theoret ical ly ,  an appeal t o  experiment must be 
made t o  obtain some insight as  t o  the  behavior of 81. 
Bed Diameter 
There is no completely logical  manner t o  theore t ica l ly  obtain the  required 
ca ta lys t  bed diameter t o  prevent bed f lu id  channelling. Instead, the  
proper bed diameter i s  determined empirically by measuring bed pressure 
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drop f o r  a fixed bed length and mass f l ux  f o r  varying r a t i o s  of reactor  
diameter t o  p e l l e t  diameter. When t h i s  i s  done, it i s  found t h a t  channel- 
l i ng  i s  neglibible (Ref. 26) when 
This relat ionship was not investigated i n  t h i s  program but was assumed 
adequate f o r  design purposes. 
Bed Pressure Drop 
Balanced ca t a ly t i c  reactor  bed design c a l l s  f o r  not only matching D t o  
P 
DR and f ixing the  length, x, but it i s  also necessary t o  usually keep 
the  bed pressure drop within prescribed l imits .  There are a large number 
of empirical re la t ions  f o r  the  pressure drop across a packed bed, The 
one selected here f o r  i l l u s t r a t i o n  i s  taken from Ref, 26 and is given 
This i s  t he  Ergun equation f o r  turbulent flow. i s  taken a s  the average 
bed gas density, and € is  the  bed void f rac t ion  (usually 4.3)0 Equation 
79 has been used with remarkable success i n  packed column work. I n  
addit ion t o  t h i s  f r i c t i o n a l  pressure loss ,  an addit ional pressure l o s s  
caused by acceleration must be included i n  obtaining the  t o t a l  bed pres- 
sure drop, 
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OVERALL CATALYTIC BED STABILITY I 
The ca t a ly t i c  bed s t a b i l i t y  is concerned with whether o r  not a  reaction 
w i l l  proceed i n  a  repeatable manner a t  a  given bed location f o r  a var ie ty  
of flow conditions f o r  both gaseous and l iquid propellants. Theoretical 
arguments. as t o  the  nature of some possible modes of i n s t a b i l i t y  are 
presented here. In  the f i r s t  case, the  gaseous propellant system is 
examined. In  t he  second case, l iquid propellants are examined. 
Gaseous Propellants 
It is  of i n t e r e s t  to the application of ca ta ly t ic  igni t ion t o  ~ ~ / 0 ~  gas- 
eous systems t h a t  the  ca ta ly t ic  bed may exhibit  an unusual type of 
i n s t ab i l i t y .  This i n s t a b i l i t y  manifests i t s e l f  i n  a  manner characterized 
by the  f ac t  t h a t  f o r  given"f1ow and i n i t i a l  propellant and catalyst  tem- 
peratures there  may ex i s t  the  poss ib i l i ty  f o r  several steady-state re- 
action regimes i n  the bed, Barkelew (lief, 29 )  has made an extensive 
numerical study f o r  a  packed bed reactor t o  a r r ive  a t  emperical general- 
izations.  Wagner ( ~ e f .  30)  has studied the s t a b i l i t y  of single ca ta ly t ic  
par t ic les ,  and Cannon and Denbigk (Ref. 3$ have examined the thermal 
s t a b i l i t y  of s ingle  reaction promoting par t ic les .  Wicke and,Vortmeyer 
(Refs, 32, 33, 34, 35)  have examined the packed bed reactor i n  some de- 
t a i l  with regards t o  s t ab i l i t y .  A quite simple but meaningful model has 
been examined by Lin and Amundson (lief. 36 ), and the nature of t h a t  model 
i s  presented here. 
The reactor  i s  assumed t o  be adiabatic i n  t h a t  no rad ia l  heat flow o r  
mass flow occurs, and axial  transport  of these flows occurs only by over- 
a l l  gross mass dis t r ibut ion.  Velocity i s  assumed uniform. 
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The pa r t i c l e  heat and mass t r ans fe r  character is t ics  are combined a t  the  
ca ta ly t ic  surface as  was done i n  the previous theore t ica l  discussion i n  
t h i s  report. 
The general transienk equations describing mass and energy balances i n  
t h e  bed may be wri t ten a s  follows: 
Mass conservation of i n t e r s t i t i a l  f l u id ,  
where t o  a f i r s t  approximation, G0/pTk may be taken as  a constant. 
,Continuity o f  i n t e r s t i t i a l  f lu id ,  
Heat balance, 
Two t ransfer  un i t s  may be defined: 
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The conservation equations may be rewritten as: 
Consider a single pa r t i c l e  of radius of radius r, and surface area per  
unit  mass of ca ta lys t  a s  am. Let 01 ( r a t e )  be the  r a t e  .of disappearance 
of the oxidizer species per un i t  surface area of cata lyst .  The t rans ien t  
mass balance on O2 a t  a single surface i s  then 
The energy balance a t  the  pa r t i c l e  is 
I n  the. steady s t a t e  these equations may be reduced t o  the following: 
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It i s  of i n t e r e s t  t h a t  when the  f a c t o r  01 i s  considered ( the  case where 
a l l  d i f fused O2 does not reac t  a t  the  c a t a l y s t  p e l l e t  sur face)  a  f i n i t e  
oxidizer  p a r t i a l  pressure must e x i s t  a t  t h i s  surface.  
An energy balance taken a t  any sec t ion  of the  bed from the  bed entrance 
g ives  
The l o c a l  p a r t i a l  pressure i s  then 
MP C 
= P + ( T - T  
,- i n l e t  i n l e t  I* 
Equation '90 may be rewri t ten  a s  
S u s t i t u t i n g  t h i s  i n t o  Eq. 91 
Using Eq. 95, t he  f i n a l  r e s u l t  of i n t e r e s t  i s  
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Tp - T 
QI = k 
('o~, i n l e t  + (T - T  i n l e t  ),% A H ' +  
For a .g iven value of T,  with t h e  o ther  parameters speci f ied ,  t h i s  equation 
may have one or  t h r e e  solut ions  f o r  T When QII i s  p lo t ted  a s  a  funct ion 
P ' 
of T the  nature of t h e  curve i s  a s  shown i n  Fig. 36 f o r  QII. When QII P ' 
i s  p lo t t ed  f o r  f ixed T ,  l i n e a r  functions r e s u l t  i n  which the re  may be a s  
many a s  th ree  i n t e r s e c t i o n s  with t h e  QII curve. Each in te r sec t ion  is a  
legi t imate  steady s t a t e .  Because of t h i s ,  a  m u l t i p l i c i t y  of steady-stage 
temperatures and concentrations i n  the  reac to r  may occur. The " s t a b i l i t y "  
of any one of these  may be examined by perturbing t h e  solut ion about t h e  
steady-state solut ions.  When t h i s  i s  done ( ~ e f .  37) ,  the  t r a n s i e n t  be- 
havior is  predicted t o  fol low t h e  steady-state p r i n t s  i n  order from a. 
t o  a  t o  a  i n  a  s e r i e s  of unde.fined jumps. Whether o r  not a l l  th ree  1 2 
w i l l  be encountered is  dependent upon t h e  i n i t i a l  condit ions i n  the  bed 
and f l u i d s .  
Liquid Propel lants  
When l iqu id  propel lants  a re  introduced in to  a  c a t a l y s t  bed i n  which 
vaporizat ion and gas phase react ion w i l l  occur, a  new form of i n s t a b i l i t y  
i s  possible,  i n  addi t ion  t o  t h a t  previously described. This i n s t a b i l i t y  
i s  pr imar i ly  a tkr ibutable  t o  the  bo i l ing  phenomenon i n  t h e  c a t a l y s t  bed. 
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In  analyzing the  e f f ec t s  of local  flow perturbations on overall  c a t a ly t i c  
bed s t a b i l i t y  when l iquid propellants are introduced t o  a  ca t a ly t i c  bed 
and heterogeneous reaction i s  promoted, resul t ing i n  propellant bot l ing 
and vaporization, consider the i n t e r s t i t i a l  flow zones as a flow conduit 
with heat input of hALI T ,  and the  surface area a s  rDy. Consider an 
element A y  a s  below and write an energy balance on it 
Flow 
Heat Input 
The energy balance gives 
Evaluating + A y) i n  a Taylor s e r i e s  and subst i tu t ing into  Eq. 97 
yields:  
By continuity, 
+ N u  
p = average density 
The acceleration pressure loss  A P i s  
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and 
au h u = - h y (to  the f i r s t  order) 
ay 
Substituting for  h u in  Eq. 99 gives 
The differential  au/ay may be obtained by the following: 
The density at  y  i s  given by 
The veloci'ty change A u i s  
The velocity  u - i s  
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Substi tuting Eq.98 and 106 into  Eq. 101 gives 
Now consider the actual  boil ing i t s e l f .  Let y( tb)  be the distance f o r  
boil ing t o  occur, and l e t  z ( t )  be the distance from y ( t )  t o  the  location 
of in te res t .  Let z ' ( t )  be y ( t )  + z ( t ) ,  and l e t  ~ ( t )  be the t o t a l  distance 
f o r  vaporization, 
Assume constant heat f lux,  
where 
Tw = catalyst  wall temperature 
the  heat balance on the f l u i s  i s  approximately 
Integrating Eq. 
Tw - T 
= exp - hlrDy 
Tw - Ti x P 
where 
Ti = i n l e t  temperature a t  y = 0. 
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Solving for  Y(tb) and substituting for  k: 
The time for  the onset of boi l ing,  tb, i s  
The volume of mass i n  the boi l ing element i s  
N = w (vf + xv ) 
f g 
The evaporation rate isxgiven by 
The quality rate change i s  
where 
'PDvf 
y = L  
Ahf 
Integration of Eq. 112 gives  
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x ( t ,  t,) = 0 t i t b  
For times g r e a t e r  than tb, t h e  point  of reference kill be t r ans fe r red  t o  
t h e  z-coordinates. z moves with y(t) a s  t h e  lower boundary. The volume 
flow in to  the  element is  
and t h e  volume flow out i s  
Adz 
-
d t  
The volume generated by bo i l ing  is Aye 
Using Eq. 113 
The f l u i d  ve loc i ty  a t  z f ( t )  i s  
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But 
z = z + - y  
.'. u = yZt + V o - 7/91 
The f luid acceleration at  z t  i s  
The density p(t , tb) is then 
> 
The distance L for  tota l  vaporization i s  
where z& i s  distance for  vaporization. The time for  complete vaporization 
is 
Now l e t  the flow perturbations be given by 
st 
~ ( t )  = vo + utf e 
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dz/dt is given by 
If % is small 
The solution for z at t > tb is 
where C1 is determined by 
The velocity u at z t  is 
Let 
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With a  s t e p  function input t o  t h e  veloci ty  per turbat ion,  t h e  r e a l  p a r t  
of z i s  
To prevent l iqu id  carryover a  d is tance  L, t h e  ve loc i ty  per turbat ion u" 
t o  uo r a t i o  must then s a t i s f y  
where 
with (/Y a s  t h e  p a r t i c l e  surface heat f lux .  
tb = time f o r  bo i l ing  t o  occur 
to = time 
Equation 130 is  a somewhat surpr is ing r e l a t i o n  because it shows t h a t  t h e  
g r e a t e r  t h e  average throughput ve loc i ty  Vo is, t h e  smaller  u" must be t o  
prevent e i t h e r  l iqu id  carry  over or  f l a s h  back i n  the  bed. Near satura-  
t i o n  t,, = 0, and ult/Vo must be l e s s  than ~L/zu.. The pressure osc i l l a -  
t i o n s  (and ind i rec t ly ,  t h e  temperature o s c i l l a t i o n s )  w i l l  be d i r e c t l y  
r e l a t e d  t o  the  ve loc i ty  o s c i l l a t i o n s  i f  t h e r e  i s  negl ig ib le  chemical 
r eac t ion  lag ,  I n  a  c a t a l y s t  bed with such per turbat ions ,  t h e r e  i s  
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e s s e n t i a l l y  no damping present t o  reduce t h e  o s c i l l a t i o n s .  For a f l u i d  
l i k e  LH2, t h e  spec i f i c  volume change v i s  very large ,  whereas t h e  l a t e n t  
f g 
heat ,  h i s  r e l a t i v e l y  small. It i s  then observed t h a t  i n  the  l i m i t  
fg '  
near  sa tu ra t ion  t h a t  the  allowable per turbat ion u" must be very small t o  
achieve any semblance of s t a b l e  bed react ion.  
CATALYST CHARACmISTICS 
I n  considering optimal c a t a l y s t s  f o r  use i n  the  H /O environment t h e r e  2 2 
a r e  a number of f a c t o r s  t o  consider. Of primary importance i s  the  a b i l i t y  
of t h e  c a t a l y s t  t o  promote t h e  overa l l  react ion i n  an e f f i c i e n t  and re- 
peated manner. The f a c t o r s  a f fec t ing  t h i s  overa l l  react ion which a r e  of 
most i n t e r e s t  t o  i g n i t e r  designs a re  s i z e  and shape, surface character-  
i s t i c s ,  nature of t h e  subs t ra te ,  a t t r i t i o n  and shock res i s t ance ,  and 
ac t ive  metal content and configurat ion of t h e  ac t ive  metal and a c t i v i t y .  
Each of these  is  discussed b r i e f l y  below. 
Size  annd Shape 
There a r e  a l a rge  number of s i z ings  and shapes i n  which c a t a l y s t s  may be 
obtained. Among these  a r e  spheres, cyl inders ,  and ramdom shapes, I n  a 
previous program ( ~ e f .  2 )  it was determined t h a t  spheres offered b e t t e r  
reproducibi l i ty  f o r  i g n i t i o n  than did cylinder$. This presumably occurs 
because uniform spheres tend t o  pack i n  near ly  an i d e n t i c a l  way each time 
a bed is poured. No experience i s  avai lable  on t h e  use of random s i z e s  
and shapes, It i s  f e l t  t h a t  such mater ia ls  may not be of optimum use 
when e f f o r t s  a r e  made t o  minimize the  amount of ca ta lys t  required t o  
promote t h e  react ion i n  a repeatable manner. From an overa l l  r eac t ion  
standpoint ,  t h e  t h e o r e t i c a l  r e s u l t s  show t h a t  minimum bed lengths r e s u l t ,  
a l l  o ther  parameters being constant,  f o r  t h e  smallest spheres, because 
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the parameter, a ,  surface area per unit  volume, i s  largest  f o r  smallest 
sizes.  Also, the  smaller s izes  influence the necessary overall bed dia- 
meter requirements by making it possible t o  minimize the bed diameter t o  
pa r t i c l e  ra t io .  However, small s izes  do have higher pressure drop uni t  
of bed length. 
Surface Characterist ics 
The fac tors  of m o s t  importance here are t o t a l  surface area per uni t  mass 
of cata lyst ,  cata lyst  pore volume, and average pore diameter. The actual 
act ive surface area of a cata lyst  i s  v i r tua l ly  impossible t o  measure; 
however, active surface area is known t o  be proportional t o  t o t a l  surface 
area, and is  commonly used a s  a measure of re la t ive  ac t iv i ty  f o r  compar- 
able cata lyst .  It i s  apparent t h a t  the  greater  the catalyst  surface 
area,  the higher the ra te  of co l l i s ion  between reactant and catalyst ;  
hence, large surface area i n  a cata lyst  i s  desirable. 
Catalyst pore volume and average pore diameter are equally important t o  
overall  cata lyst  ac t iv i ty ,  They are  cer ta in ly  necessary character is t ics  
f o r  high surface area. The pore volume is  a general measure of cata lyst  
porosity and i s  indicative of the  ease with which reactants  may pass into  
the catalyst  i n t e r s t i ce s  and reach the l e s s  active metal s i t e s .  Average 
pore s ize  s e w e a  as  an indication of the re la t ive  ava i l ab i l i t y  of cata lyst  
pores f o r  reaction, For example, i n  a reaction between chemical species 
0 
having molecular diameters of 5 4  a catalyst  having a mean pore s ize  of 
0 
only 4A would not be expected t o  promote the reaction as  well as  a similar 
0 
one having a pore diameter of 10A. Pore s ize  d i s t r ibu t ion  serves as a 
measure of ac t iv i ty  and durabi l i ty ,  because catalyst  damage may resu l t  
from pore closure during the reaction sequence. It i s  not possible t o  
predict  a p r i o r i  t ha t  a wide pore s ize  d i s t r ibu t ion  i s  benefically b e t t e r  
than a narrow size .  
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Nature of t h e  Subst ra te  
A primary c r i t e r i a  f o r  t h e  subs t ra t e  i s  t h a t  it be thermally r e s i s t a n t  
t o  high temperatures, which a t  t h e  same time exh ib i t ing  high crush s t r eng th  
and res is tance  t o  a t t r i t i o n .  It is well  known, however, t h a t  t h e  se lec ted  
subs t ra t e  i s  impor tan t . to  overa l l  c a t a l y t i c  a c t i v i t y ,  p a r t i c u l a r l y  with 
t h e  noble metals,  h r t h e r ,  some subs t ra t e s  can be produced with b e t t e r  
surface  c h a r a c t e r i s t i c s  than others .  
Active Metal Content, Metal S i t e  Sizing,  and Ac t iv i ty  
On t h e  b a s i s  of r e s u l t s  presented i n  Ref. 3 it has been f e l t  t h a t  high 
metal contents  a r e  des i rab le  f o r  high a c t i v i t y .  It appears t h a t  high 
metal content can be b e n e f i c i a l  a s  long a s  it can be l a i d  on the  subs t ra t e  
i n  a  d i s c r e t e ,  c r y s t a l l i n e  form. I f  t h e  content  i s  so high a s  t o  preclude 
t h i s ,  t he  overa l l  sur face  a rea  i s  reduced along with l o s s  i n  c a t a l y t i c  
a c t i v i t y .  The maximum s i z i n g  of the  diameter c r y s t a l s  f o r  good a c t i v i t y  
0 
i s  repor tedly  t o  be 9 0  t o  50A. 
With regards t o  a c t i v i t y ,  t h e r e  i s  no absolute means t o  measure a c t i v i t y .  
Ins tead ,  it i s  only poss ib le  t o  determine a  r e l a t i v e  a c t i v i t y  r a t i n g  among 
c a t a l y s t s .  For H ~ / o ~ ,  t h i s  can be done by comparing a c t u a l  H20 y i e l d s  
t o  t h e o r e t i c a l  y i e l d s  i n  Slowing systems f o r  f ixed q u a n t i t i e s  of c a t a l y s t s .  

APPENDIX A 
EQUILIBRIUM SPECIFIC HEATS FOR REACTING MIXTURES 
The equilibrium spec i f i c  heats  f o r  a reac t ing  mixture of thermally 
pe r f ec t  gases i n  equilibrium a r e  derived i n  t h i s  section.  The bas ic  
fundamentals of t h i s  der ivat ion a r e  given i n  Ref. 38. 
To begin the  ana ly s i s ,  assume the  spec i f i c  entropy t o  be a function 
of pressure,  temperature, and species present  
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The coef f i c ien t  of dT i s  found from t h e  Maxwell r e l a t i o n  ( ~ e f .  ) 
which i s  t h e  f rozen  s p e c i f i c  heat .  
The coef f i c ien t  of dP i n  Eq.A-5 i s  recognized a s  t h e  s p e c i f i c  volume. 
To proceed from t h i s  point  requires  the  l a s t  term i n  Eq-A-5 t o  be 
put i n  terms of pressure and temperature. Begin with the d i f f e r e n t i a l  
form of the  Gibbs' function.  
A l s  0 
where the  chemical p o t e n t i a l  k  k  p = g  
Comparing Eq. C - 1 1  wi th  Eq. C - 9  shows t h a t  
Fur ther ,  the  mass f r a c t i o n  change dck can be shown t o  be ,  i n  t e rns  of 
t h e  equilibrium constant ,  
where v a r e  the  stoichiometric coef f i c ien t s  f o r  the  react ion.  
With the a i d  of Eq. C-13, the  term T k  C sk dc becomes 
k 
The Gibbs 1 funct ion f o r  a s ing le  species .k i s  
gk = h k - 9 s  k  
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The summation term of Eq, A-13 i s ,  theref ore,  
For equilibrium G = 0 .  With G = 0 and Eq. A-16a, Eq. A-16 
becomes 
Returning t o  Eq. A-12 and using Eq. A-17 
Let f n kx be a function of T ,  P. 
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The re la t ionsh ips  f o r  the  co.eff icients  of dT and dP a r e  wel l  known, i . e .  , 
Subs t i tu t ion  of Eq. A-20 and A-21 i n  Eq. A-19 which i n  t u r n  is  subs t i tu ted  
i n  Eq. A-18, gives 
T sk dck =  AH 
X 
Rewriting Eq. A-5 using Eq, A-6, A-7, and A-21 gives 
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A comparison of c o e f f i c i e n t s  of dT between Eq. A-5 and A-22 
gives  t h e  f 01 lowing: 
T(%) = c t h e  equil.ibrium s p e c i f i c  hea t  P p.e' 
A s i m i l a r  argument wi th  independent v a r i a b l e  V and T l e a d  t o  t h e  
eyui l i b r ium s p e c s  f i e  h e a t  at constrant volume a s  
where k k .  c c i s  t h e  f rozen  s p e c i f i c  volume. 
V 
k 
I 
I 
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NOMENCLATURE 
= d i f fus ion  a rea ,  sq cm 
= reac4or cross-sect ional  a rea ,  sq i n .  
= discharge c o e f f i c i e n t  
I 
= hea t  :capacity,  Btu/lb F 
I 
= mean heat  capaci ty ,  ~ t u / l b  F I 
C = consjant 
D = p e l l d t  diameter,  inch  
s i v i t y  of specie  A through stagment f i l m  of B, 
sq cd/sec 
= ener&y of a c t i v a t i o n ,  Btu/lb+ole ,F 
2 f i c i a l  mass ve loc i ty ,  lb/ in,-sec 
= enthi lpy  , Btu/lb 
= mass t r a n s f e r  u n i t  
= hea t  t r a n s f e r  u n i t  
= h e a t l t r a n s f e r  f a c t o r  
= reacijion r a t e  constant  
I 
L* = char ' c t e r i s t i c  chamber length a 
M = moledular weight 
! 
l;i = mass 

I 
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I 
iJ = r a t e  of spec ie  product ion I 
N = v o l 4 e  of mass i n  b o i l i n g  element 
P  - pressure  I 
P r  = ~ r a n i t l  number 
Q = h e a t  1 t r a n s f e r r e d ,  ~ t u / s e c  I 
QI, QII, QIII = s o l d i o n s  t o  t h e  s teady-s ta te  equat ion I 
R = molat gas cons tan t  
I 
R~ = mole$ of spec i e  
Re - Reyn Ids  number 
S = e n t r  py, Btu/lb F 
Su 
I 
= l a m i  a r  flame speed P 
S U t  
= turbGlent flame speed 
X = c a t a i y s t  bed l eng th ,  inch  l 
a  = empir ica l  cons tan t  I I I 
= s p e c l f i c  bed a rea  
- 1 
sur face  a r e a  per  u n i t  bed volume, f t  
b  = empir ical  cons tan t  I 
g  = g r a v i t a t i o n a l  cons tan t  I 
h = film1 c o e f f i c i e n t ,  Btu/sec i n 2  F 
h~ = mass i t r ans fe r  c o e f f i c i e n t  I 
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Ti = the rmal  c o n d u c t i v i t y ,  Btu/sec i n 2   in. 
k -6 = Boltzmann c o n s t a n t  = 1.38 x  10  erg/^ 
M = ;mass t r a n s f e r r e d  
= / e m p i r i c a l  exponent 
I 
= p e l l e t  r a d i u s  
t = t i m e ,  seconds  
- 
u  = average v e l o c i t y  
= t u r b u l e n c e  v e l o c i t y  
= b o i l i n g  p e r t u r b a t i o n  v e l o c i t y  
~ 
= mass f l o w r a t e ,  l b / s e c  
I 
= ( d i s t a n c e  a long  x -coord ina te  
= ! t h i c k n e s s  of f lame f r o n t  
Y = / d i s t a n c e  a long  y-coordinate  
I 
zf = f i l m  t h i c k n e s s  I 
Z = d i s t a n c e  a long  z -coord ina te  
6L = p e r c e n t  convers ion of oxygen t o  w a t e r  
f l  = impingement a n g l e  
€ = b e d  v o i d  f r a c t i o n  
'AB = v i s c o s i t y  
6 = h e a t  f l u x ,  Btu/sec-in. 2 
P = d e n s i t y ,  lb /cu f t  
0 
'AB = m o l e c u l a r  s e p a r a t i o n  a t  c o l l i s i o n ,  A 
9 = s p h e r i c i t y  
-1 
7 = t ime c o n s t a n t ,  s e c  
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TABLE 13 
EXPERIMENTAL CONSTANTS FOR CATALYTIC REACTION UTE 
ANALYSES WI TI1 IWEL-RI CH AND OXIDI ZER-RI (33 REACTANTS 
*Constants used in the equation 
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Reactor 
Catalyst Bed 
Engine 
Figure 1. Cut-Away of I n j e c t o r  and LOX Dome f o r  t h e  Large Engine Used 
i n  t h e  Parametric Engine Evaluation Task I l l u s t r a t i n g  Modifi- 
ca t ions  t o  Adapt t o  the  Ca ta ly t i c  I g n i t e r  
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Figure 2. Small-Scale Laboratory Apparatus Used 
in the Preliminary Catalyst Evaluation 
Task with o*/H* Reactants 
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Figure 10, Photographic Representation o f  the  Injector Used i n  the 
Parametric Engine Evaluat5on Task Il lustrating the Injection 
Pattern and Catalytic Igniter Adapter Port 
HOC16LETL)YIVIE A D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C  
Figure 1-1. Side View o f  the In jec to r  Used i n  the  Parametric Engine 
Evaluation Task I l l u s t r a t i n g  the Fuel Manifold and 
Cata lyt ic  I g n i t e r  Adapter 
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Figure 12, Photographic Representation of the  Liquid Oxygen Dome Used 
i n  the  Parametric Engine Evaluation Task I l l u s t r a t i n g  the  
Catalyt ic  I gn i t e r  Adapter Port and Oxygen Manifold 
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BURST 
Figure 18. Schematic Representation of Liquid . 
Hydrogen System Used in the Catalyst 
Life Study Task 
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Catalyst -Bed Length, inches 
Figure 25. Temperature Gradation as a Function of Catalyst Bed 
Length for a Near-Optimum Catalyst Bed 
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10 
Pressure, atm 
Figure 27 .  Flame Velocity Data Available From Literature ( ~ e f .  20) 
@ Point is a Rocketdyne Point Taken From 2-Dimensional 
Transparent Chamber Studies (Ref. 21) f o r  Stoichiometric 
o*/H~ Blends 
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Figure 31, Representation of Ninimum Catal-ys t Bed Length 
Reauirements as a Function of  Reactant Flowrate 
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Figure 33. Illustration of Typical Large-Ehgine Ignition Transients, ?omparing Normal 
Ignition in Which the Chamber Pressure Uniformly Approaches a Steady-State 
Value With Erratic Ignition Wherein a. Tendency to Quench was Observed 
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Figure 35. Pneumatic Filling Constant to 95-Percent Steady-State 
Pressure for Various Assumed Sizes of Reactor and 
Steady-State Temperatures 
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Figure 36,, S t a b i l i t y  Solut ion f o r  Steady-State 
Operation i n  a Packed Catalys t  Bed 

a ROCKETDYNE A  D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C .  
CONTIWlCTUAL DISTRIBUTION 
Copies 
12 
Recipient 
NASA-Lewis Research Center 
21000 Brookpark Road 
Cleveland, Ohio 44135 
Attn: Contracting Officer 
Chemical Rocket Systems 
Procurement Section 
NASA-Headquarters 
Washington, D. C. 20546 
Attn: F. E. ~ o m ~ i t e l l o / ~ ~ ~  
Chief, Liquid Propulsion Technology 
Scientific & Technical Information Facility 
NASA Representative, Code CRT 
P. 0. Box 5700 
Bethesda, Maryland 20014 
Ames Research Center 
Moffett Field, California 94035 
Attn: Harold Hornby 
Mission Analysis Division 
Goddard Space Flight Center 
Greenbelt, Maryland 20771 
Attn: Merland L. Moseson 
Code 623 
Jet Propulsion Laboratory 
California Institute of Technology 
4800 Oak Grove Drive 
Pasadena, California 91103 
Attn: R. F. Rose 
Propulsion Division 38 
Langley Research Center 
Langley Station 
hmpton, Virginia 23365 
Attn: F. L, Thompson 
Director 
Lewis Research Center 
21000 Brookpark Road 
Cleveland, Ohio 44135 
Attn. Dr. A. Silverstein 
Director 
& ROCKETDYNE A  D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C .  
Copies 
2 
Recipient 
Marshall Space Flight Center 
Huntsville, Alabama 35812 
Attn: H. K. Weidner 
Code R-P&VED 
Marshall Space Flight Center 
Huntsville, Alabama 35812 
Attn: R. Bailey 
Code R-P&VE-PAC 
Manned Spacecraft Center 
Houston, Texas 77001 
Attn: R, R. Gilruth 
Director 
Western Operations Office 
150 Pico Boulevard 
Santa Monica, California 90406 
Attn: R. W. Kamm 
Director 
Advanced Research Projects Agency 
Washington 25, D. C, 
Attn: D. E. Mock 
Aeronautical Systems Division 
Air Force Systems Command 
Wright-Patterson Air Force Base 
Dayton, Ohio 
Attn: D. L, Schmidt 
Code ASRCNC-2 
Air Force Missile Development Center 
Holloman Air Force Base, New Mexico 
Attnr Maj. R, E. Bracken 
Code MDGRT 
Air Force Missile Test Center 
Patrick Air Force Base, Florida 
Attn: L. J. Ullian 
Air Force Systems Command, DynaSoar 
Air Force Unit Post Office 
Los Angeles 45,'California 
Attn: Col. Clark 
Technical Data Center 
a ROCKETDYNE A  D l v l s l o N  O F  N O R T H  A M E R I C A N  A V I A T I O N ;  I N c  
Copies 
1 
Recipient 
Arnold Engineering Development Center 
Arnold Air Force Station 
Tullahoma, Tennessee 
Attn: Dr. H. K. Doetsch 
Bureau of Naval Weapons 
Department of the Navy 
Washington 25, D. C, 
Attn: J. Kay 
Code RTMS-41 
Defense Documentation Center Headquarters 
Cameron Station, Building 5 
5010 Duke Street 
Alexandria, Virginia 22314 
Attn: TISIA 
Headquarters, U. S, Air Force 
Washington 25, D, C. 
Attn: Col. C. K. Stambaugh 
Code AFRST 
Rocket Propulsion Laboratories 
Edwards Air Force Base 
Edwards, California 93523 
Attn: Col. Silk 
U. S, Atomic Energy Commission 
Technical Information Services 
Box 62 
Oak Ridge, Tennessee 
U. S. Army Missile Command 
Redstone Arsenal, Alabama 35809 
Attn: Dr. W. Wharton 
U. S. Naval Ordnance Test Station 
China Lake, California 93557 
Attn: Chief, 
Missile Propulsion Division Code 451 
Chemical Propulsion Information Agency 
John Hopkins University 
Applied Physics Laboratory 
8621 Georgia Avenue 
Silver Spring, Maryland 
Attn: T, L. Reedy 
ROCKETDYNE A  D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C  
Copies 
1 
Recipient 
Aerojet-General Corporation 
P. 0, Box 296 
Azusa, California 
Attn: L. F, Kohrs 
Aerojet-General Corporation 
P, 0. Box 1947 
Technical Library, Bldg. 2015, Dept. 2410 
Sacramento, California 95809 
Aeronutronic 
A Division of Ford Motor Company 
Ford Road 
Newport Beach, California 
Attn: D. A. ~arrison 
Aerospace Corporation 
2400 East El Segundo Boulevard 
P. 0. Box 95085 
Los Angeles, California 90045 
Attn: J, G. Wilder 
MS-2299 
Propulsion Department 
Arthur D. Little, Inc. 
Acorn Park 
Cambridge 40, Massachusetts 
Attn: A. C, Tobey 
Astropower, Inc., Subsidiary of 
Douglas Aircraft Company 
2968 Randolph Avenue 
Costa Mesa, California 
Attn: Dr. G. Moc 
Director, Research 
Astrosystems, Inc. 
1275 Bloomfield Avenue 
Caldwell Township, New Jersey 
Attn: A. Mendenhall 
Atlantic Research Corporation 
Edsall Road and Shirley Highway 
Alexandria, Virginia 
Attn: A. Scurlock 
& ROCKETDYNE A  D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C  
Copies 
-1 
Recipient 
Beech Aircraft Corporation 
Boulder Facility 
BOX 631 
Boulder, Colorado 
Attn: J. H, Rodgers 
Bell Aerosystems Company 
P. 0, Box 1 
Buffalo 5, New York 
Attn: W. M. Smith 
Bendix Systems Division 
Bendix Corporation 
Ann Arbor, Michigan 
Attn: J. M. Brueger 
Boeing Company 
P. 0. Box 3707 
Seattle 24, Washington 
Attn: J, D. Alexander 
Chrysler Corporation 
Missile Division 
Warren, Michigan 
Attn: J. Gates 
Curtiss-Wright Corporation 
Wright Aeronautical Division 
Wood-ridge, New Jersey 
Attn: G. Kelley 
Douglas Aircraft Company, Inc. 
Missile and Space Systems Division 
3000 Ocean Park Blvd. 
Santa Monica, California 90406 
Attn: R. W, Hallet 
Chief Engineer, Advanced Space Technology 
Fairchild Stratos Corporation 
Aircraft Missiles Division 
Ilagerstown, Maryland 
Attn: J, S. Kerr 
General ~ ~ n a m i  cs/~s tronauti cs 
Library & Information Services (128-00) 
P, 0. Box 1128 
San Diego, California 92212 
Attn: F. Dore 
ROCKETDYNE A D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C .  
Copies 
2 
Recipient 
General Electric Company 
Re-Entry Systems Department 
P, 0, Box 8555 
Philadelphia, Pennsylvania 19101 
Attn: Library 
General Electric Company 
Flight Propulsion Lab Department 
Cincinnati 15, Ohio 
Attn: D. Suichu 
Grumman Aircraft Engineering Corp. 
Bethpage 
Long Is land, New York 
Attn: J. Gavin 
Kidde Aero-Space Division 
Walter Kidde and Company, Inc. 
675 Main Street 
Belleville 9, New Jersey 
Attnl R. J. Hanville, Director 
Research Engineering 
Lockheed California Company 
10445 Glen Oaks Boulevard 
Pacoima, California 
Attn: G. D. Brewer 
Lockheed Missiles and Space Company 
Attn: Technical Information Center 
P. 0. Box 504' 
Sunnyvale, California 
Y. C, Lee 
Power Systems R&D 
Lockheed Propulsion Company 
P. 0. Box 111 
Redlands, California 
Attn: H. L. Thackwell 
The Marquardt Corporation 
16555 Saticoy Street 
Box 2013 - South Annex 
Van Nuys, California 91409 
Attn: W, P. Boardman, Jr. 
& ROCKETDYNE A  D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C  
Copies Recipient 
Martin Division 
Martin Marietta Corporation 
Baltimore 3, Maryland 
Attn: J. Calathes (3214) 
Martin Denver Division 
Martin Marietta Corporation 
Denver, Colorado 80201 
Attn: J. D, Goodlette 
Mail A-241 
McDonnell Aircraft Corporation 
P. 0, Box 6101 
Lambert Field, Missouri 
Attn: R. A. Herzmark 
North American Aviation, Inc. 
Space & Information Systems Division 
Downey, California 
Attn: H. Storms 
Northrop Corporation 
1001 East Broadway 
Hawthorne, California 
Attn: W. E, Gasich 
Pratt & Whitney Aircraft Corp. 
Florida Research and Development Center 
P. 0. Box 2691 
West Palm Beach, Florida 33402 
Attn: R. J. Coar 
Radio Corporation of America 
Astro-Electronics Division 
Defense Electronic Products 
Princeton, New Jersey 
Attn: S. Fairweather 
Reaction Motors Division 
Thiokol Chemical Corporation 
Denville, New Jersey 07832 
Attn: A. Sherman 
Republic Aviation Corporation 
Farmingdale 
Long Island, New York 
Attn: Dr. W. OIDonnell 
Copies 
1 
Recipient 
Rocketdyne (~ibrar~ Dept . 586-306) 
Division of North American Aviation 
6633 Canoga Avenue 
Canoga Park, California 91304 
Attn: E, B, Monteath 
Space General Corporation 
9200 Flair Avenue 
El Monte, California 
Attn: C. E, Roth 
Space Technology Laboratories 
Subsidiary of Thompson-Ramo-Wooldridge 
P, 0, Box 95001 
Los Angeles 45, California 
Attn: G, W, Elverum 
Stanford Research Institute 
333 Ravenswood Avenue 
Menlo Park, California 94025 
Attnt T.  Smith 
TAPCO Division 
Thompson-Ramo-Wooldridge, Inc. 
23555 Euclid Avenue 
Cleveland 17, Ohio 
Attn: P. T. Angel1 
Thiokol Chemical Corporation 
Redstone Division 
Huntsville, Alabama 
Attn: J. Goodloe 
United Aircraft~Corporation 
Research Laboratories 
400 Main Street 
East Hartford 8, Connecticut 06108 
Attn: E. Martin 
United Technology Center 
587 Methilda Avenue 
P. 0, Box 358 
Sunnyvale, California 
Attn: B. Abelman 
a ROCXETDYNE A  D I V I S I O N  O F  N O R T H  A M E R I C A N  A V I A T I O N .  I N C  
Copies Recipient 
United Aircraft Corporation 
Pratt and Whitney FRDC 
P. 0. BOX 2691 
West Palm Beach, Florida 33402 
Library (1) 
Stan Mosier (1) 
Voqht Astronautics 
Box 5907 
Dallas 22, Texas 
Attn: W. C. Trent 
Sundstrand Aviation Division 
Sundstrand Corporation 
2421 11th Street 
Rockf ord , Illinois 
Attn: R. N. Bailey 
Picatinny Arsenal 
Dover, 
New Jersey 07801 
Attn: I. Forsten, Chief, 
Liquid Propulsion Laboratory 
UNCLASSIFIED 
Securitv Classification 
I DOCUMENT CONTROL DATA - R6D 1 
1 
3 REPORT T I T L E  I 
(Sawrtty claeelflcatlm of IItIe, body 01 abatrect and lndexln# mnotatlon muet be entered when UIO overall report ie clesmllied) 
I INVESTIGATION OF CATALXTIC IGNITION OF OXYGEN/RMIROGEN SYSTEMS I 
I .  ORIGINATING ACTIVITY (Corporate author) 
Rocketdyne, a Division of North American Aviation, 
Inc. , 6633 Canoga Avenue, Canoga Park, California 
4. DESCRIPTIVE NOTES (Type of report and lnclualve date.) 1 
2.. R E P O R T  SECURITY C  L A S S I F I C A T I O N  
UNCLASSIFIED 
' 2b  GROUP 
Final (15 June 1964 through 15 October 1965) 
5. AUTHOR(S) (Laat n m a .  I f n t  name, Inltlel) 
Roberts, R. W., Burge, H. L., Ladacki, M. 
6. REP0 R f  DATE 17.. T O T A L  NO.  O F  PAGES 1 7 6 .  NO.  O F  R E P S  
30 December 1965 
ma. C O N T R A C T  OR G R A N T  NO.  
NAS 3-4185 
b. P R O J E C T  NO.  
c. 
d. 
The results and interpretations of an investigation of catalytic ignition of 
the oxygen/hydrogen system are presented. The experimental phase of the 
program is divided into three fundamental tasks: (1) Catalyst Selection and 
Evaluation, (2) Catalyst Life Studies, and (3) Parametric Engine Evaluation. 
During the first task, selected noble metal and metal oxide catalysts having 
potential for promoting the liquid phase oxygen/hydrogen reaction were evaluated 
On the basis of these evaluations, four noble metal catalysts were compared in 
liquid phase reactants at an environmental temperature of approximately -400 F. 
The best of these four was used during a catalytic reactor configuration 
optimization study, and later during a catalyst life study to evaluate the 
reignition characteristics of the catalyst. During the final task, the 
catalytic igniter was used as an ignition source in a large engine (- 14,000- 
pound thrust) to evaluate the effects of variations in engine and igniter 
parameters on liquid oxygen/liquid hydrogen engine ignition and ignition delay 
219 
fib. thlm OTH report7 an R  P O R T  (Any other numbore &at may ba aeel&ad 
M A  (;a-54657 
I I .  SUPPLEMENTARY NOTES 
L 
DD ,FJ:M., 1473 UNCLASSIFIED - 
Secur i ty  C l a s s i f i c a t i o n  
3 9 
lo .  A V A  IL ABILITY/LIMITATION NOTICES 
12. SPONSORING MILITARY ACTIVITY 
Advanced Rocket Technology Branch 
NASA Lewis Research Center 
Cleveland, Ohio 
9a.  ORIOINATOR'S R E P O R T  NUMDER(S) 
R-6303 
13. ABSTRACT 
UNCLASSIFIm 
S e c u r i t y  Classification 
14. L INK A L INK I L I N K  C 
K E Y  WORDS R O L C  W T  R O L I  W T  R O L L  W T  
Catalytic ignition 
Oxygen 
Hydrogen 
Noble metal 
Metal oxides 
, 
INSTRUCTIONS 
I. ORIGINATINO ACTIVITY: Enter tho nrmr  and rddrrmr Imporad by r rcur l ty  c l r r r l f lc r t lon ,  u r lng  r t r n d r r d  mtrtrmrntr  
of the contractor, rubcontrr t tor ,  granter ,  Drprrtmrnt  of D e  ruth or:  
f e n r e  rc t lv l ty  or 0th- o rgrn l r r t lon  (corporate aulhor) i r r u l n g  (1) "Qirllflrd r e q u m r t r r  mry obt r ln  coplea of t h l r  t h r  report. report from D D C "  
2. REPORT SECUmTY CLASSIFICATION: Enter  the  over- 
a l l  r rcur l ty  c l e r r l f l c r t i o n  of the report, I n d l c r t r  whrthrr  
"Rertr lctrd D r t r "  I r  inc luded  Mrrklng I r  to b r  In accord- 
a n c e  wlth rpproprlr te  r o c w l t y  regulr t lonr.  
2 b .  GROUP: Automrtlc downpadlng  I r  rp rc l f l rd  In DoD Dl- 
roc t ivr  5200,lO and Armed F o r c e r  Indurtr lr l  Manual. E n t a  
t b  group numbrr. Alro,  w h n  rppllcrb!e,\rhow that  optlonrl 
rnarklngr h r v r  been u r d  for Group 3 and Oroup 4 . r r  ruthor- 
Isad.  
3, REPORT TITLE: Enter t h r  complr t r  roport t l i l r  In all 
c a p l t r l  I r t t r r r .  T l U r r  In a l l  c r r r r  rhould b r  unc l r r r l f l rd .  
U r mrrnlngful  t l t l r  cannot  b r  r r l e c t r d  wlthout clrrrlflcm- 
tion, rhow t l t l e  c l r r r l f l c r t i o n  In al l  c r p l t r l r  In p r r r n t h r r l r  
lmmrdl r t r ly  following the t l t l r .  
4. DESCRIPTIVE NQTEB: If approprlr tr ,  r n t r r  the type of 
rrport ,  r.g., Intrrlrn, p r o w r r r ,  rummrry, annual, or flnrl, 
O l v r  thr  Inc lur lvr  d r t r r  when r rpecif lc  rrportlng perlod I r  
c o v . r d ,  
5. AVrHOR(S)! Ent r r  t h r  nrmo(r) of ruthor(r) am rhown on  
or  In the  report, Entm l r r t  n rmr ,  f l r r t  nrmr,  mlddlr Inltlrl,  
If mllltrry, rhow rank and branch of m r v l c r .  T h r  name of 
t h r  principal d ~ t h o r  i u  r n  r b r o l u t r  minimum r rqul r rmrnt  
6. REPORT D A T E  Ent r r  the d r t r  of th r  roport d ry ,  
month, y r r r ;  or month, y a r n  If morr t h a n  one  data r p p r r r r  
on  t h r  rapoft, u r r  da ta  of publlcrtlon. 
7. TOTAL NUMBER O F  PAOEB: T h e  total prma count 
mhould follow n o m r l  p rg lnr t lon  prooedwrr ,  1, r , ,  e n t r r  tho 
numbor of p r s r r  c o n t r l n l n ~  lnlormrtlon 
7b. NUMBER O F  REFERENCE& Enter the total numbrr of 
r r f w r n c r r  c l t rd  Ln t h e  r q o r t ,  
88.  CONTRACT OR ORANT NUMBER: If approprlrtm, a n t s  
tho  rppllcrblm number of t h r  contrrat  or Erant undrr whlch 
t h e  rrport war  wrlttrn. 
8 b ,  Bc, b 819. PROJECT ~ U M B E R I  E n t r r  t h r  rpproprlr tr  
mll l t rry doputmrnt  Idontlflcrtlon, r u c h  r q  project numbn, 
rubpro j rc t  numbrr, r y r t r m  numbrrr, t r r k  numbrr, btc, 
Pa. 0RIOINATOR18 R E P O R T  NUMBER(B)I Ent r r  the  offl- 
01.1 report numbrr by which the  document wlll b r  ldmntlflrd 
r n d  control lrd by t h r  o r lg lnr t i tq  rct lvl ty,  T h l r  numbrr murt  
b e  unlqur to th l r  report. 
Qb. OTHER REPORT NUMBER(0): If t h e  rrport h r r  b ran  
r r r l g n r d  m y  o thr r  report numberr ( r l rhr r  by  ~ h r  orl/lnrtor 
(2) "Forelgn announcement and dir8rmlnrt lon of t h l r  
report by DDC 18 not ruthorlard." 
(3) "U. 9. Qovernmrnt r g r n c l r r  may obtain coplam of 
t h l r  report d l r c t l y  from DDC, Othr r  qurl lf ied DDC 
u r r r r  rhal l  requart  through 
I I 
(4) "U. 8. mllltrry r g e n c l e r  may obtr ln copler  of th l r  
report dlrrct ly from D D C  Othr r  q u r l l f i d  u r r r r  
r h r l l  r r q u r r t  through 
I I 
(5) "All dlrtr lbutlon of th l r  report I r  contmllrd.  QuJ- 
l f l rd  DDC u r o r r  r h r l l  rrqu'art through 
1) 
I 
If t h r  rrport h r r  bean fwnl rhed  to t h e  Off lc r  of T e c h n l c r l  
Sorvlcwr, Doprrtmrnt of Commrrcr, for rrlm to the publlc, Indl- 
c r t e  t h i r  fact  and r n t r  the  ~ r l c r .  If knowfi 
- - 
11. SUP~LEEMENTARY NOTES: U r r  for rddltlonal expl rnr -  
tory notas, I 
12, BPONBORINO MILITARY ACTIVITY: Ent r r  th r  name of 
t h e  drprrtmrntal  projrct  offlce or laboratory r p o n r o r i n ~  ( p r y  
In( lor) t h e  r r r r r r c h  and drvalopmmt.  Includr r d d r r r r .  
13. ABBTRACT: E n t r r  r n  r b r t n c t  glvlng r brlef and f s c t u r l  
rummrry of the documrnt lnd lc r t lv r  of the  report, r v r n  though 
It may rlmo r p p r r r  r l r r w h r r r  In t h r  body of the technlcr l  re- 
port. If rdd l t lonr l  mprcr 11 n q u l n d ,  r contlnurtlon r h e r t  r h r l l  
b r  r t t r c h r d ,  
It 11 h i  hay d r r l r r b l r  th r t  the r b r t r c c t  of c l r r r l f l e d  rrportr  
b r  unc l r r r l f ied .  Each parrgrrph of thr  rbmtrrct mhrll end wlth 
r n  lndlcrt lon of th r  mllltrry rrcurl ty c l r r r l f l c r t l o n  of the in-  
fonartlon in tho parrmrrph, r sprer rn t rd  r a  ITS), (s). (CJ, o r  (U) 
There I r  no llmltrtlon on the length of the r b r t r r c t .  How- 
ever,  the rugger t rd  Irngth im from 150 to 225 wordm. 
14.  KEY WORDO: Kry wordr r r r  t rchnlcr l ly  mernlngful t rrmr 
or rhort p h r r r r r  that chr r rc t r r l . r  r rrport and may be u r r d  18 
Index e n b l r r  for c r t r l o g l n ~  t h r  rrpsrt .  Kay wordr murt  b r  
r r l r c t e d  no that no rrcurl ty c l r r r l f l c r t l o n  11 requlrrda Idmntl- 
f l r r r ,  ruch rm rqulpmrnt  model d e r l m r t l o n ,  t r rdr  nrrnr, mllltrr) 
project code name, mrogrrphlc locrt lon,  may be u r s d  r r  key 
wordr but wlll ha followrd by an lndlcrt lon of technical  con- 
t rx t .  The r r r l g n m r n t  of I lnkr,  ru l r r ,  r n d  wr lght r  11 optlonrl .  
o r  b y  !ha rponaor), rlmo r n t r r  th l r ,  numbrr(m), 
10. AVAILABILITY/LIIUITATION NOTlCkl: Enter  rny I l m  
i tr t lona on further d l r s r m l n r t l o n  of the report, o thr r  than t h o m  
UNCLASSIFIED 
Security Clorrlf1crtion 
